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PROLOGUE
Now it is a strange thing, but things that are good to have 
and days that are good to spend are soon told about, and not much 
to listen to; while things that are uncomfortable, palpitating 
and even gruesome, may make a good tale, and take a deal of 
telling anyway.
J.E.Il. TOLKIEN
Xll
The in vivo aging of human erythrocytes is Bccompaniod by a 
progressive increase in red cell speci.fic gravity. Use lias been 
made of this fact to obtain erythrocytes of different iiy vivo age 
by ultracentrifugation of washed red cells on disc outinnous 
density gradients of iso-osmotic bovine albumin.
The red cells of two individuals exhibited an age-related 
decrease of about 20/ in tlio cell surface bM-acetylueiiraminic 
acid. This onange was shown to be due to a generalised loss of 
sialic acid from all of the major membrane sialoglycoproteins,
Membranes were isolated from coll fractions of different age and 
subjected to carbohydrate analysis. The finding for K-acetyi- 
neuraminic acid v/as confirmed and. additional decreases were 
observed in galactose, glucose, h-acetylgalactosamiue and N- 
acetylgiucosamine of old cell iiismbranes, While some of these 
decreases are probably attributable to glycolipid losses, which 
are known to accouipariy aging, part of the galacto<3e/N-acety 1- 
galactosamiae depletion has been related to the sialoglycoprotein.s 
of the meiiibrane,
Changes in cell surface carbohydrates have also been detected 
by studying the relative susceptibility to agglutination of 
erytlirocyte8 of different iay viyo age using a number of 
agglutinins. Old cells w^ere consistently more agglutinât le and 
in the case of one of these agglutinins, vdieat-geri.i agglutinin, 
the increased agglutinabili by v/as shown not to be due to an 
increase in the number of lectin binding sites, nor to any marked 
redistribution of intraiaembranous particles of old cells. More­
over, tliG interaction of in vivo aged cells with agglutinins could 
be mimicked by neuraminidase or trypsin treated unfractionated 
erythrocytes,
xi i i
Analysis of the ma j or protein components of t!>e i:.embran.es of 
fractionated cells by dijS-poIyaxrylaüiidc ge.l electrophoresis 
indicated that aging was accompanied by the appearance of two new 
jiolypeptidcB of approximate ïiiolccular wcigl)ts 6'3?000 and 25,000, 
with probable degradation of component j - an extracellular 
surface membrane glycoprotein.
Trcat^itent of intact red cells with, a variety of proLeolytic 
enzymes produced p now component of molecular weight 61-63,000 
and also degraded component 3 and tiie uier.ibrano sialogl.ycojiroteins 
Since trypsin treatment of erytlirocytes produced colls which 
m im i eke d iyi vivo aged ceil s i n t heir be h. av i o ur w i t h. a g y 1 u t i n ins, 
the findings presented here are consistent with erythrocyte in 
v ivo aging being accompanied by proteolysis of the external 
membrane surface of the red coll. The relevance of tliese 
observations to the sequestration of senescent erythrocytes is 
discussed.
XIV
INTRODUCTION
1 J, ].
1.1.1 E r V fc u r 0 c y 1 - e F u n c t i o n a \id Liies p a n
The iuimaii erytnrocyte is a highiy specialised enuc.leatc cell 
whose function is the carriage of haemoglobin in the circulatory 
s y s t e m S e q u e s t r a t i o n  of iiaeiaoglohin witliin a 'biological menibranc 
has a number of advantages, the most importaut of ^/hich is that 
haemoo lob iu. can be isolated from, the changing environuiout of the 
plasma and kept in a regulated cytoplasmic enviroiraent. The 
significance of this is borne out by the fact that haemoglobin 
has a iifosiian of 120 days, compared to an average half-life of 
10 days for idost plasma proteins (White et, aL-, 1973)»
Dénaturation of haei!i.ogXobiu is prevented by various enzymes within 
the red cell (Allen, 1964; Jaffe, 1964).
Tiie lifespan of the human erythrocyte has been sltov/n to be
120 days, and as there is little random destruction; an aging
process has been invoked (Berlin, 1964)» Therefore, a circulating
red cell sample will contain erythrocytes of different in vivo
age and in order t-o investigate the changea occurring on aging,.
it is necessary to separate these cells, A number of techniijues
have been used v/hich make use of a property of the red cell shown
to change on ijii vivo_ aging. The most v/idely used methods are
tlicse of centrifugation and differential lysis. Labelling
studie.s have shown that old human erytiirocytea arc more dense
than young cells ('Borun e_t 1957) and that old colls are more
easily lysed than their younger counterparts (Simon & Topper,
1 9 5 7 )* The separation by centrifugation can be improved by use of
iso-osmotic density gradients of bovine albumin and tiui.s has the
advantage of yielding intact cells for study (hishop m Prentice,
1966; Piome 11 i et al,, 196?) .
Changes shown to occur on ini vjj[o aging are summarised in 
Table 1.
Table 1 Changes Uccnrriaic in ('h:\ythrocyto8 D ii r i .n g 1 n V i v o A gin g
Change Observed 
]. n c r e a s e cl s pec i f i. c g r av i t y
Loss of lipid
Decreased potassium content 
Increased sodium content 
Increased osmotic fragility 
Decreased activity of specific 
enzymes
Decreased d e f ormab i1 i ty 
Decreased cell surface charge
Reference
B 0 r u n e a Lj 195 7 ; 
Pioineili et ah, 196? 
Frankerd, 1997 ; 
Westerman et_ aL, 1 9 6 3
Prauiiord, 1998
Simon d. Topper, 1997
Fennel 1, 1964 
La Celle iV Arliin, 1970 
Danou e t a F, 1971
It is evident that fairly complex changes take place in the 
erythrocyte during its lifespan» Any or all of these may dictate 
that a given cell is too old to reiuain in the circulation,
1,1 »2 Eryth.rocyte Metabolism and Aging
Lipids
The mature erytlirocyte is unable to carry out the synthesis 
of fatty acids from labelled acetate (Harks e^ t uL, I960), to in­
corporate fatty a'cias into neutral lipids (..lulder & Van Deeneu, 
1 9 6 5 ), or to incorporate glycerol into neutral lipids (Sloviter & 
Dose, 1966), Similarly London .4 Schwarz (1993) have shown that 
cholesterol is not cyntlicaised by erytlirocytes, Jlcd cell membrane 
cholesterol does, however, exchange with plo.sma cholesterol 
(jaurphy, 1 9 6 2 ).
Lit Lio, if any de novo syntiies;is of phospiiol ipids takes
place in the mature erythrocyte (Van Doenon & ue Gier, ilOt),
altiiough ini yiln-o s t u dies i n d i c a t e  the p r e s e n c e  of acyitrausferases
wiiicJi can incorporate specific fatty acids into phospiiolipius
(Ulivoirci A Vaugh an J 1964; Mulder & Van Deenen, I965}» It is
possible that a similar mechanism operates in. v ivo since membrane
phospholipid f a t t y  acids are s u b j e c t  to dietary f a t t y  acid coju-
position at a turnover rate greater than that of the red cells
(Farquar & Aiirens, I96p) » Reed (1959) has shown tJiat another
mechanism of membrane phospholipid, renewal may he exchange with
plasma phospholipids. In spite of this Frankerd (1958) and
Westermau et al., (I963) have shown tinat in viyo aged erytljrocytes
are deficient in cljolesteroi and phospholipid» ,
in human, erythrocytes, the glycospliiiigolipids constitute
less than 5/ of the total lipid. The structures of glycolipids
have been, studied because of tiieir antigenic activity. However,
one group of glycolipids whose catabolism has been studied is 
globosidc and its analogues. These have been implicated in a
number of diseases, where lack of a glycosidase ho.s been shoira to
prevent tlieir degradation. Htudies,on their normal catabolism,
by âwoeley & Hawson (1969) have provided evidence that these
glycolipids are lost intact from the red cell directly into the
plasma, just before red cell desIruction,
1.1.2.2 Proteins
The maturation*of a reticulocyte to an erythrocyte, with the
resultant loss of polysomes, terminates protein synthesis in the
red cell. Bishop (1971) maintains that the nature erytiirocyte
retains the ability to syntiiesiso the tripeptide glutathione,
implying tliat uptake of amino acids is not defective.
Using rabbit reticulocytes, Lodish & Des3.au. ( 1973) bavo 
shown that these cells are cop able oi baemoglobin sy.atiiesis.
This has proved useful as a means of cohort labelling red cells 
for studies on cell survival. Although haemoglobin is tlie major 
protein being synthesised by reticulocytes, Lodis.b (1973) also 
reports the synthesis of two i.iajor membrane components » One of 
these proteins may be lost during reticulocyte maturation (hocli 
et al^ . , 1 9 7 3 ) »
However, it v/ould appear that the laajority of intracellular 
and membrane proteins and enzymes are synthesised by an 
erythropoietic precursor of the reticulocyte. This inability to 
carry out protein synthesis means that the erythrocyte cannot, 
for example, replace defective enzymes. A number of important 
enzymes have been shown to lose activity as the red cell age.s 
(Pennell, 1964).
The presence of proteolytic enzymes in erythrocytes was 
demonstrated by Morrison & Neuratli (1953). They identified three 
proteases, two of which were active at physiological pH. Con­
ditions required to solubilise the activity suggested that t).ie 
enzymes were tightly bound to the membrane. A more recent study 
by Moore et^  (1970) indicated that erytlirocyte Jiiembrane
proteases could degrade haemoglobin, membrane proteins and the 
isolated membrane sialoglycoprotein. It was not established 
however, whether the membrane location of these enzymes was 
cytoplasmic or extracellular.
1 .1. 2 . 3, Oai^bohydrate
Metabolism of carbohydrate within the erythrocyte is 
limited but sufficient to meet its requirements for ATP, hADil and 
NADPJÎ,
Glycolysis takes place in the mature rod cell but in the 
absence of mitochondria, there is no citric acid eye le activity. 
However, glycolysis yields sufficient ATP to maintain the active 
transport of Ii' and N a ’ (Kousek & Bishop, 1962). Bishop (1971a) 
points out that the ATP/ADP levels could affect the glycolytic 
rate of erythrocytes by their respective inhibitory and 
activating influence on phosphofructokinase. Glycolysis also 
produces NADU by the oxidation of glyceraldchydo-3-phospbate.
This reaction is generally coupled to the reduction of pyruvate 
to lactate, but can also be coupled to the reduction of wetliaeiuo- 
g lob in and is mediated by tlie enzyme N A DU-m e t h a cm o g 1 ob i n reductase 
(Scott & MeGraw, 1962).
Glucose can also be metabolised by the hex ose monopJiosphate 
patlnvay. The first two stops in this patliway give rise to NADPIi, 
De Loecker & Prankerd (1961) have shown that if red cells are 
supplied with a mediator for NADPil oxidation, like methylene 
blue, their oxygen uptake and metabolism of glucose by the hexose 
monophosphate shunt are greatly increased. NADihi is used by the 
cell to maintain glutatliione in a reduced state (Hall &
Lelminger, 1952). This in turn is required for the .stabilisa­
tion of sulplydryl containing proteins and for mopping up 
peroxides (Mills, 1959).
A number of enzymes, involved in carbohydrate metabolism, 
have been shov/n to decrease in activity during in vjvo aging 
(Fennell, 1964). It can be seen from tho foregoing descripti on 
that this will, in turn, lead to further deteriorative changes.
1.1.. 2 .4- Nucleotides
In the absence of cell division or protein syntliesis, v/ith 
tlieir consequent requircf.icnts for nucleotides, by far the most
C^j~’glycine into nucleotides
abundant nucleotide in human red cells is ATP, Other purine and 
pyrinidine nucleotides have been reported (reviewed in Bishop &. 
Surge n o r , 1964), Bishop (l.;60) showed that .mature 1mm a.n 
erythrocytes would not incorporate 
and that novo purine syntliesis was not carried out. Preformed
purines were, however, shown to he incorporated into red cell 
nucleotides (Bishop, I960; Lowy yt, % 1 «, 1962), implying that 
these nucleotides are being constantly metabolised and that red 
cells require an external source of preformed purines, which 
carbohydrate metabolism can use to form ATP,
It was not at all clear T/hy the rod blood, cell required so 
much A T P , It is the substrate for the Wa"^/K^ active transport 
mechanism (Hoffman, 1962), but this only accounts for at most 
20/ of the ATP output of the cell (Whittam & Ager, 1965).
However, from iii yitrq aging studies, Weed & -La Celle (1969) 
have shown that ATP is required for the structural integrity of 
the red blood cell and for its subsequent rn v ivo survival in 
the circulation, Scliatzmann & Vincenzi (I9 6 9 ) have demonstrated 
a dependent ATP-ase which is thought to be responsible
2*f‘
for maintaining Ca"' at a lov; level in red cells, Palek et al, 
(1 9 7 1 ) present evidence tliat such an ATP- ase is involved in 
membrane conformation.
Since ATP levels and carbohydrate metabolism are closely 
linked, and since carbohydrate metabolism is reduced in in^  vÿvp 
o.ged cells, the old red cells’ requirements for ATP cannot bo 
m e t ,
1 ,2 The Erythrocyte M embrane
1 2,1 Isolation and Characterisation
111 tlie absence of sub cellular organelles, liaemoglobiu-f ree
Elgure 1 S.oclium Dodecyl Sulphate Polyacrylamide Gel
Electrophoresis of Human Erythrocyte MembPànej?
Ghosts were solubilised at lOO^C in 1/ SD5 and 
reducing agent prior to electrophoresis. (a) Densi- 
tometric scan at 550nm of a gel, shown in (h), stained 
for protein with Coomassie blue. (c) Densitoitietric 
scan at 560nm of a gel, shown in (d), stained for 
carbohydrate with periodic acid/Schiff reagent. Bands 
are referred to by the nomenclature of Fairbanks e^ 
al. (1971).
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erythrocyte Ljeujbranes can bo prepared. I)y liypotonic lysis, contri-- 
taxation and washing (Dodge ejt ajL_„ , 19c3) « Those authors have 
shown that essentially all the lipid remains associated with the 
ghosts. Howeverj it has been shov;n that associations of proteins 
with the membrane can be affected by ionic strength. For example, 
Kant 6  Stock (1973) have shown that about pO/i of the glyceraldo- 
hyde-3 ™P^iosphatG dehydrogenase of ghosts prepared by hypotonic 
lysis is released at pJiysioiogical ionic strength. This raises 
the (pie8tion. of what constitutes a membrane component.
However, using a standard isolation procedure, it has been 
possible to cho.racterise the ei'ythrocyte membrane., Rosenberg & 
Guidotti (i9 6 0 ) have shown that the erythrocyte membrane consists 
of 49 protein, 43 , 6^ lipid and 7 carbohydrate , By 
solubilising membranes in sodium dodecyX sulphate and treating 
with a disulphide reducing agent, Fairbanks c_t a l , (l9?l) were 
able to fractionate the membrane polypeptides by polyacryla.mide 
gel electrophoresis. The aiajor proteins were stained with 
Coomassie blue (Figs « la & lb) and are referred to throughout this 
thesis by these autliors ' nomenclature. The carbohydrate stain 
periodic acid/Sciiiff reagent demonstrates tJie presence of 
several glycoproteins (Figs. Ic &. Id), all of which appear to be 
siaioglycoproteins as th.ey can be labelled by the sialic acid 
specific periodate oxidation/tritinted boroUydrido reduction 
tecJniique of Blumeufeld ,et a]^ . (1972). Comparison of Figs, la &
Ic shows that none of the Coomassie stained components correspond 
to ..ichiff stained bands. The siaioglycoproteins are very rich in 
carboJjydrate and so do not adsorb the protein stain. On the 
other hand, component p , shown by Tanner & Boxer (1972) to be a 
glycoprotein containing lOp carbohydrate, is not stained by
Bchiff stain.
Glycoproteins containing a large amount of carbohydrate, 
such 8,3 tJie sialoglycoproteina, do not bind sodium dodecyl 
sulphate to the sa^ie extent as globular proteins and so exhibit
a n 0 IB a. 1 o u s else t r op ho r etic mob 11 i b i es on p o 1 y a c ry 1 am ide gels .
This leads to difficulty in assigning a molecular weight to these 
components (Segrest crb p H . , 1971). A furtlier caution in con­
sidering electropliorosis is that sodium dodecyl sulphate has 
been shown to be un.able to disrupt comp 1 ete 1 y all protein/ protein 
interactions. A prime example of this is the intorconversion of 
PAS 1 and PAS 2 (liarton & Garvin, 1973).
1.2.2 Techniques for Studying Membranes
1,2.2,X Chemical and Enzymatic Modification
The ease of isolating erythrocyte gJiosts has led to their 
extensive use as a model membrane system. Fractionation of the 
polypeptides of the membrane on sodium dodecyl sulphate/poly­
acrylamide gels (FaiigbauJcs ct^  o H . , 1971) has led to the identifi­
cation of a number of distinct membrane jirotein components,
Initial studies were directed at determining Jiow individual 
membrane proteins were distributed with respect to the cytoplasmic 
and extracellular membrane surfaces. This was done by comparing 
the reactivity of a component in the intact cell wit)i its 
reactivity in isolated, unsealed ghosts. Steck (1974) used 
impermeable right-side-out and inside-out membrane vesicles to 
investigate the same phenomenon. The probe molecules used were 
considered to be unable to penetrate tiie membrane and so reacted 
at a defined membrane surface,
Tlie probes used were proteolytic enzymes (Stcck et a l , ,
1 9 7 1 ), lactoperoxidase catalysed radioiodination in the presence
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of J.iyd3'0 gen peroxide (idrillips <:v Horrleon-, 1971 ) and iiorn-
])cnetra ting anionic cJieiaical la be 11 i ng re agon to sueJi as '^ '^ 3 |- 
f orjiiyliiietldonyl snip hone jiiethylpli-osphate (Bretsoner, 1971).
The labelling of membrane carbohydrate can be carried ont 
using two fairly specific methods, Ga’maberg a hakomori (1 9 7 5 ) 
labelleu cell surface galactose/galactosamine using galactose 
oxidase oxidation and britinted sodium ]>orohyclride reduction, 
Blnidonfeld a^l, (1972) label led membrane b-acetylneuraniinic 
acid by sequential sodium metaperiodate oxidation and tritiated 
sodium borohydride reduction,
1,2.2,2 Use of Lectins
Lectins are plant proteins possessing the ability to 
agglutinate erythrocytes by binding specifically to cell surface 
carbohydrates. Their jiroperties are well reviewed by Lis &
Sharon (1973). Lectins were found to be able to discriminate 
between normal and transformed cells in that transforiucd cells 
showed an increased susceptibility to agglutina.Lion by lectins. 
Attempts to relate tnis to an'increase in the numbers of lectin 
binding sites, using radioaclively labelled lectins, gave con­
flicting results, Electron microscopy studies, to sliow how the 
distribution of receptor sites on the cell surface determined its 
agglutinabi 1 ity, were equivocal. However, it v^as observed that 
treatment of normal cells with proteolytic enzymes often resulted 
in an increased.snscoptibility to agglutination li)ce that of 
transformed cells. This suggested that there i:iay be some form of 
electrostatic or steric effect invo Ived in ag,glutinabili ty. 
Receptors, on tlie erytiirocyte membrane, for a large number of 
lectins, have been shovm to be associated witl) blic m a jor 
;y 1 y 0 0 pr o t e i n s ( Hul;:ud a A 0 s aw a , 1973 ; H int o da S i 1 va <'t h i c o 1 s on ,
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1974). Proteolytic cleavage of tlie se .receptors has been shown to 
increase ery throcyte a.gglutinability and s ladies by .Pollack 
(1 9 6 3 ) show the importance of surface charge and steric efiects 
in agglutination, Moreover, there is evidence tJiat the distribu­
tion of glycoprotei.n receptors in the red cell membrane may be 
restricted by interaction of the receptors with the fibrous 
protein spectrin on the cytoplasmic membrane surface (ticolson & 
Painterj 1973 ; Klgaaeier & Branton, 1974).
TJje use of lectins, whicji could be conjugated with an 
electron deii.se molecule like ferritin, enabled the study of the 
distribution of carbohydrate on the membrane surface by electroîi 
microscopy (Nicolson & Singer, 19?l) . In conjuiictiou with 
freeze-cleaving and freeze-etching, this technique allov/ed com­
parisons of surface topography and intramombranous organisation 
to be made (Tillack et a_l. , 1972) .
1, 2 , 2 .3 F re0 ze-Fra.c tur e Electron Microscoi,>y
Freeze-fracture of erythrocyte membranes, within the lipid 
bilayer, exposes .globular particles of approximate diameter 
8,3nm (Pinto da Silva & Branton, 1970), These iritramembranous 
particles have been associated with glycoproteins believed to 
span the membrane (Pinto da Silva et al., 1971; Pinto da Silva & 
Nicolson, 1 9 7 4 ) 0 In fresjily prepared ghosts, the particles are 
not easily aggregated witJioiit a protreatr.ient whicli removes a 
substantial amount of the fibrous protein spectrin from the 
cytoplasmic membrane surface (Elgsaeter & Branton, 1974), 
.Particles can then be aggregated by changes in pll or ionic 
strength or by treatment of the kiembraiies with trypsin or 
neuraminidase.
Similar properties have not been described for intact red
cells ( S l g s a e t e r  ^  1973)» a g a i n  s u g g e s t i n g  t h a t  s p e c t r i n
places a constraint on the mobility, v/ithin the membrane, of 
intramejubronions pairtic 1 es .
1.2, J 0 r g an i, s a t ion o f 111 o .U e ly b r ap e
Extensive studies on the intact erythrocyte and its isolated 
membrane suggest tliat there is no protein component whicli is 
symmetrically distributed at both tiie cytoplasmic and extra­
cellular membrane surfaces. For example, Marchesi & Palade 
(1 9 6 7 ) and SchatzjAiann &. Vincenzi ( ] 9 6 9 ) assigned the ATP -ases of 
the red cell to tlie cytoplasmic surface, Larchesi ejt al^ „ ( 1 9 6 9 ) 
suggest that apGctriu is also on the cytoplasmic surface. In 
contrast, sugars have been shown to be exclusively located on the 
extracellular surface. Eylar £t al_, (1962) weye able to release 
all the N-’acetylneuraminic acid from intact human erythrocytes 
using neuraminidase. Nicolson and Singer (1971) showed that the 
co,rboxiydrate binding sites of lectins were exclusively located at 
the extracellular surface.
A  third possibility is that components may be exposed at 
both surfaces, either by spanning the membrane or by being 
orientated differently at eacii surface. The components involved 
in this type of distribution are the sialoglycoprobeiiis and com­
ponent 3 (FigB. la & Ic). Evidence for this is that, while 
carbohydrates have been exclusively assigned to tJie extra­
cellular surface, Reichstein & Bios te in (1973) and Morrison et,
Al. (1 9 7 4 ) have shown that the polypeptide chains of tliese com­
ponents can be labelled at both the cyioplasiuic and extra­
cellular membrane surfaces. Steck (1974) reviews evidence for 
tlie theory that component 3 spans the membrane, based on 
differences in r e a c t i v i t y  of this component, at the two membrane
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surfaces, towards eiizyiaatic and cheraicai modification. More 
compelling evidence is available for the major sio.loglycoproteiii. 
Sequence data on this component shows it to be an ampliipatbic 
inolecule with carbohydrate located at the amino terminus (Segrest 
et al., 1 9 7 3 ) It also possesses a hydrophobic domain between the 
amino terminus and the bydropliilie carboxy terminus. These 
authors, using enzymic radioiodination, have shown that the amino 
terminus is exposed at the extracellular surface, while the 
carboxy terminus is exposed at tJie cytoplasmic surface. Moreover, 
the size of the hydrophobic domain is sufficient to span the 
membrane. These studies, together with the observations of Steck 
& Yu (1 9 7 3 ) B'Ud Yu et ad. ( 1973) on the conditions required to 
solubilise component 3 and the siaioglycoproteins from the 
membrane, suggest tliat these components do in fact span the 
membrane.
1.2,4 Properties of Specific Erytiirocyte Membrane Proteins
Specific solubilisation procedures and specific labelling 
techniques in conjunction witii sodium dodecyl sulphate/ 
polyacrylamide gel electrophoresis and electron microscopy have 
enabled detailed studies of the properties of individual membrane 
protein components to be carried out.
1,2 ,4.1 Spectrin
Components 1, 2 & 5 (Fig, la), collectively known as spectrin 
(Marchesi & Steers, 1968), can be isolated from erythrocyte ghosts 
by exposing them to mildly alkaline, low ionic strength buffers, 
especially in tlie presence of chelating agents. These authors 
suggested that these proteins are structurally significant in 
that their removal results in the breakdown and vésiculation of 
the membrane 0 The spectrin complex is rosnonsible for the
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fibrillar structure observed at the cytoplasmic surface of ghosts 
(Marches! et A l ., 1969). Moreover, Yu et A U  (1973) have- shovm 
that extraction of ghosts with noa-ionic detergent solubilises 
the glycoproteins and leaves behind a ghost-shaped reticular 
structure, consisting largely of the spectrin polypeptides.
These authors suggest tliat these polypeptides self-associate to 
form a submembranous continuum rather than being specifically 
b ound to the membr ane„
A number of lines of evidence have implicated the spectrin
complex in an erythrocyte contractile system for maintaining red
cell shape and deformability. Weed & La Colie (I9 6 9 ) have shown
that such properties of the erythrocyte are dependent on ATP and
divalent metal ions, Avissur e_t al^ . (1975) have isolated spec-
trin from human erythrocytes and demonstrated Ca'" -ATP-ase 
2-1-
activity and Mg"* -ATP-ase activity in the presence of skeletal 
muscle actin. This suggests the presence of a myosin like 
protein in the red cell. These authors have also shown that 
component 5 of the spectrin complex co-electrophoreses with 
rabbit muscle act in and Dunn & Maddy (1973) shoived tJiat this 
component is capable of forming aggregates.
Apart from the structural or the acton.yosin-like roles 
described above, spectrin has been implicated in another membrane 
function. Nicolson (1973) has siiown that aggregation of spectrin 
on the cytoplasmic side of the membrane, by sequestration of 
antispectrin ^-globulin inside resealed ghosts, produced 
aggregation of the siaioglycoproteins at the extracellular 
membrane surface. Thus peripheral proteins on the internal 
surface of the cell may, under certain conditions, exert a form 
of control on the external topography of the memiiraue roceptoi: 
sites.
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1 .2.4 .2 Cqiuponeiit 3
The major Coomassie stained hand of the erythrocyte mem­
brane, component 3 (.Pig* l a ) , is a component of molecular weight 
8 8 ,0 0 0 , and accounts for approximately 24ga of the membrane 
protein (Steck, 1972). It is an integral membrane protein in 
that it can only be solubilised from the membrane by detergent 
disruption of the lipids (Yu c_t a l ., 1973). Tanner &  Boxer 
(1 9 7 2 ) have shown it to be a glycoprotein containing about 10^ 
carbohydrate Steck (1974) has reviewed evidence that this 
glycoprotein spans the membrane and Pinto da Silva & Nicolson 
(1 9 7 4 ) have shown that component 3 is involved in intrameinbranous 
particles,
Moreover, a number of studies Jiave implicated component 3 in 
facilitating the transport of various solutes across the membrane. 
Cabantchik and Rothste in (1972, 1974a, 19?4b) iuive shown that the 
permeability of red cells to the anions sulphate and chloride can 
be blocked by compounds which are themselves anionic and bind 
component 3. Taverna & Langdon (1973) have also implicated this 
component in the glucose transport mechanism. Avruch &
Fairbanks (1972) have shown it to be involved in a 
dependent N a '/li' ATP-use . Some reservation sîiould be expressed 
concerning these observations since component 3 on electro- 
phoresis is a very diffuse band and may consist of several co- 
mi grating species.
Bfceck (1 9 7 2 ) has suggested that component 3 polypeptides 
may self-associate witliin tiie membrane, as they can be cross- 
linked to form dii.ior.s by sulphydryl oxidation both in the mem­
brane and when solubili.sed by deter g e n t ,  V/ang & Richards (1975) 
suggest that coiiiponent 3 '-uiy exist in a tetrai.ieric form, on the
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basis of their cross-l.inking studies. AltJiough sncli tetramcric 
units would correspond to tlie number of anionic inhibitor sites, 
suggesting the possibility of o.nion channels, there are not 
enough component 3 tetramers to account for ail the intra-
i.1 embran ous jdartic le s .
1.2.4, 3 Sialo;.-;ly coproteins
The major glycoproteins of the erythrocyte membrane, the 
siaioglycoproteins shown in F i g . Ic, can be solubilised only by 
detergents or organic solvents (Juliano, 1973). They are there- 
fore integral membrane components and evidence wo,s presented in.
1.2.3 that they span the membrane. The component PAS 1 has been 
generally referred to as the major sialoglycojirotein since, after 
reduction and detergent solubilisation of ghosts at 3 7 ^ 0  prior to 
electrophoresis, this component is the major staining band.
Fig. Ic siiows PAS 2 to be the major stained band and in this case 
solubilisation was carried out at 100°C. These observations were 
first ma.de by Mar ton & Garvin (1973) and Imve been extended by 
Tuech & Morrison (1974) , who have sliown that the interconvorsion 
of PAS 1 and PAS 2 is reversible and takes place in Tris but not 
phosphate buffers. Marton & Garvin (1973) have proposed that 
PAS 1 is a dimer of PAS 2. ilovrever, Mueller A Morrison (1974) 
]iave si)own tiiat enzymatic radioiodination of PAS 1, but not 
PAS 2, can take place at the cxtracellulor membrane surface.
Since PAS 2 has been shown to be accessible to proteolytic 
degradation at the extracellular surface (Steck ejL ad^., 1 9 7 1 ) > 
tills data, suggests that PAS 2 can exist in different conforma- 
tions in. the membrane. Slutzky m di (1974) claiiu to have 
evidence for ttie identity of PAS 1 and PAS 2 from peptide 
mapping experij.'ient s , The sai.ie aiitliors, studying the different
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response of PAS I and PAS 2 to proteolysis, propose a model in 
which PAS 2 can exist as tight or loose dimers within the mem- 
brane , A11hough Steck ( 3.972 ) was uns:ic cessiu 1. in crosb-1 in!ring 
the siaioglycoproteins, using aideiiydes or sulphydryl oxidising 
agents, J i (1974) lias shown that PAS 1 and FAS 2 can, be cross- 
linked 3)y dimcthy 1 adipimate dihydrochloride . This provides some 
evidence of association v/itîiin the membrane.
This affinity for aggregation may account for the variation 
in molecular weights whicli have been reported (reviewed in 
Segrest et a l . , 1971 ) . These autiiors propose a molecular weight 
of 55,000 from gel electrophoresis, but this is probably for 
PAS 1. Grefrath A Reynolds (1974) report a molecular w-eight of 
29,000 which agrees well witli 31,000 reported for PAS 2 by 
Marton A Garvin (1973)» UItracentrifugation studies of Rathan ejb 
a 1 . (1 9 6 1 ) and Morawiecki (1964) give subunit molecular weights 
of 3 1 , 4 0 0  and 3 0 , 0 0 0  respectively.
The composition and structure of "The major sialoglycopro- 
tein" has been studied by Winz.ler ( 1909) and i.archesi e^ t al. 
(1 9 7 2 ). The molecule is bO'/ô carbohydrate and 40y protein. The 
major sugars are k-acety 1neuraminic acid, K-acetyIgalactosamine 
and galactose, with a significant amount of ïÿ-acetylglucosamine, 
some fucose and mannose. Winzler (1969) has shown that there are 
at least two types of olip;osaccharide chain. The simplest is 
alkali-labile and contains îy-acetylneuraminic acid, galactose and 
N-acetylgalactosamine.
Marchesi's group have investipgvted the structure of tlie pro­
tein moiety and have shown it to be an amphipathic molecule with 
carbohydrate at the amino terminus, a iiydroplii 1 i.c carboxy terminus 
and a hydropliohic core region (Segrest c;t a_l . , 1972; Segrest
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e;t .a^ l., 1 9 7 3 ). This hydrophobic domain of tiic polypeptide chain 
may be responsib le for the aggregation discussed above.
Recently Lea cgt al. (1979) have sliown that the bydropliobic 
domain, wliich can lie isolated as a tryptic peptide, can interact 
with lipid bilayers and affect their permeability properties, 
Segrest et al„ (1974) have also shown tliat, at a given concentra- 
tion, those tryptic peptides will aggregate to form structures 
similar to intramembranous particles. It is doubtful if this 
could happen under piiysiological conditions. However, the 
siaioglycoproteins have been implicated in intramembranous 
particle formation by Pinto da Silva e^ t ajl^, (1971), Tillack _et a 1 « 
(1 9 7 2 ) and Nicolson (1973) 0 These v/orkers altered the distribu­
tion of 8ialoglycoprotein surface receptors and showed a parallel 
alteration in the distribution of particles.
A number of functions have been attributed to the sialo- 
glycoproteins, Kathaii & Winzler (I9 6 3 ) showed tiiat PAS 2 is the 
receptor for influenza virus and myxoviruses, 'Die major sialo- 
glycoprotein has been purified and sliown to possess MN m t i g e n i c  
activity (Cleve e_t a l . , 1972), It is not clear however, if A.b 
blood group activity can be attributed to glycoprotein or to 
sli%ht glycolipid contamination (Gardas Koscielak, 1971; 
ilamaguciii ik Cleve, 1972) „ The glycoprotein does, however, 
possess the receptors for a number of plant agglutinins (Fukuda & 
Usawa, 1 9 7 3 ) «■
1.3 Biological Si'-nificance of Glycoprotein Carbohvdrate
1.3 » 1 Possible Hole of Carb oliydra te in Cellular liecogni tion
A proposal by Roscman (1970), that cells may adhere to one 
another by forming an enzyme/substrate complex between glycosyl- 
transferases on one cell and suitable glycoprotein acceptors on
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a complementary cell, has led to a search for p]asma memhrane- 
bound glycofjyltransferases in a nur.ibei' of cells,
iJosmann ( 1971 ) described four such glycosyltransferases in 
platelets. Two of tiie sc wore very specific for transfer of 
glucose and galactose to collagen, As platelets do not 
synthesise collagen, dosmann suggested that these transferases 
were involved in Liie adherence of platelets to collagen in 
haemostasis. He also suggested that the other two glycoprotein: 
glycosyItransferasos might he involved in plstelot-plotelet 
adiiesion, although no endogenous acceptors were found, Jamieson 
eJi al_. ( 1 9 7 1 ) . reported similar findings in tlieir study of a 
platelet membrane collagen-specific glucosyl transferase, Tliey 
showed that inhibitors of the collagen glucosyltransferase would 
also inhibit adhesion of platelets to collagen..
Similarly, Roth ojt ad. ( 1971 ) have shown the presence of a 
galactosyl transferase on the surface of chicken embryo neural 
retina cells. The adhesion' specificity of these cells could be 
interfered with by introduction of a suitable exogenous 
glycopeptido substrate for tiie glycosyltransf erase,
Roth oc White (1972) , using cultured iîalb/c^T'i cells, 
provided evidence for membrane glycosyltransferases which could 
transfer sugar to endogenous acceptors on adjacent cells. Tlieir 
results were dependent on the degree of contact between cells and 
may suggest a role for glycosyItransferases in contact inhibition 
of g row til. hosiiianii ( 19 7 2 ) found similar results for normal and 
oncogenic virus transformed fibroblasts.
Although tiiese studies support the liypothesis that inter­
cellular adhesion, ce 11-glycoprotein anhesi on and contact 
inhibition may be mcdi a ted by a glycosyltransf erD.se/glycoproioin
interaction, the g e n e r a l i t y  of the pljenomonoa is not established. 
Indeed Evans & W i s h e r  (1975) were unable to d e m o n s t r a t e  glycosyl­
transf erase activity in tiie plasma membrane between adjacent 
iiepatocytes= They did in fact find a potent nnclootide 
pyropliospkatase on the extracellular membrane surface. This 
would hydrolyse sugar nuclootid.es iind so inhibit ^';lycosylation 
react!ons,
The liolo of Garbo by dr a te in C irculatoipy Survival 
The importance of the carbohydrate moiety to the circulatory 
survival of plasma glycoproteins was suggested by the observation 
of More 11 et, ^1. (1966) that desialylated caeruloplasmin, on 
injection into rabbits, was rapidly removed from the circulation, 
more 11 e_t . ( 1968) subsequently showed that the galactose 
residues, exposed on removal of sialic acid, were responsible for 
recognition of the desialylatod glycoprotein, since their removal, 
modification or resia.lylation enabled tiie glycoprotein to manifest 
its normal survival time. The site of uptake of asialocaerulo- 
plasmin was found to be the liver and shown to be exclusively in 
the parenchymal colls. Further study witli tills same system 
(Uickmai.i ut , 19 /0; Van Den Hamer et . , 1970) suggested that 
only a very limited removal of sialic acid wa s  required for 
exhibition of this uptake phenohienon. Subsequently, Morel 1 et a^l.
(1 9 7 1 ) carried out siiuilar studies on a number of plasma 
glycoproteins and the observed phenomenon was found to be 
generally applicable, with the exception of transferrin.
hudgin et_ p H . (1974) have isolated tJ)e binding protein from 
rabbit liver vhiich specifically liinds desialylatod plasma 
glycoproteins. The binding protein is a sialoglycoprotein whose 
sialic acid is required for binding. There is also a requirement
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for ca.lciur.iu Since desialylatod glycoproteins are natural sub­
strates .for a s i alyl trails f erase , Hudgin A Asbwe 11 (1974) looked 
for glycosyltransferase activity in their purified binding 
proteilu It was shovm to be absent.
It would appear, therefore, that removal of desialylatod 
glycopro teins from the circulation is not .mediated by a 
glycosyltransferase/glycoprotein interaction but ratber that 
there is some complementary recognition between two glycoproteins.
Despite tlie generality of this process and the elucidation
of the uptake mechanisni, the significance of desialylation in 
the catabolism of plasma glycoproteins has not been established. 
Asliwell and Morell (1974) suggest that demonstration of partially 
desialyfated glycoproteins in vivo and the locus of the neuramini­
dase responsible for desialylation would be required, in order to 
establish a physiological role. Evidence for sueh a neuraminidase 
is equivocal (Sclicngrund ojl a l ., 1972; iJernacki & Dosmann, 1973) »
Furtiier evidence for a role for sialic acids in circulatory
survival comes from the work of Woodruff and Gesner (196 9), who 
showed that treatment of rat lymphocytes with neuraminidase 
caused tiiem to be temporarily sequestered in the liver before 
recirculating normally in the blood and lymph after twenty-four 
hours. These authors did not quantitate the minimum loss of 
sialic acid necessary to observe this phenomenon, nor did tiiey 
indicate whetlier exposure of an underlying carbohydrate deter­
minant was necessary for this sequestration. Since other non­
specific treatments, such as exposure to glycosidases (Gesner &
G insburg , 1964) or to trypsin (Woodruff & Gesner, 1968) gave 
sii.iilar effects, again the physiological significance of these 
observations is difficult to assess. Jancik & Gchauer (1 9 7 4 )
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have suggested thnt tlje twenty-tour hour delay in recirculation 
of nonramini dase treated lymphocy bos may be the time required to 
rcsyntliGsise cell surface sialic acids, in vdiich case it would 
he interesting to know if trypsin treated lymphocytes recirculate 
Jancik M Schauer (1974) have demonst]atcd that cell surface 
sialic acids are necessary for the ini y iyo survival of rabbit 
erytjirocytes, They suggested that, in contrast to plasma 
glycopro teins, the sugar i-esiduc exposed on removal of sialic 
acid does not affect removal from the circu1otion. Moreover, in 
contrast to tJie finding wi th lyiuphocyto s , erythrocytes did not 
appear to re-enter tlie circulation and Jancik & Schauer were 
unable to demonstrate the presence of enzymes wlrich could 
regenerate or transfer sialic acids.
These observations, in conjunction v/ith those on plasma 
glycoproteins and iympliocytes, suggest the indispensability of 
sialic acids for normal circulatory survival. TJiey do not, 
however, prove tJiat loss of sialic acid is a process normally 
taking place ipi vivo and leading to removal from the circulation.
however, Dan on e_t al_, (l9 ?l) iuive proposed that reiiioval of 
sialic acid in iHvo is a major factor in tlie elimination of old 
erythrocytes from the circulation. They have obtained erythro­
cytes of different jni vivo age and have shown that old erythro­
cytes exhibit a decreased electrophoretic mobility and a 
decreased density of s t a i n i n g  of the cell membrane with a 
positively charged colloidal iron suspension,
Since the surface charge of erythrocytes is largely 
attributable to sialic acid (Eylar fit a l ., 1962) , these results 
suggest that i.n vivo erythrocyte aging is accompanied by loss of 
sialic acid.
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1 .k Aims of the Present Study
Studies on tlie iri vivo aging of red blood cells have shown 
that a nuiiiher of degradative and metabolic changes occur, for 
whicli the erytiirocyte, as an enucleate cell, cannot compensate. 
Any or all of these changes, outlined in, 1.1, might dictate that 
a cell is too old to remain in the circulation.
It might be anticipated timt the recognition of such effete 
cells v/ould be mediatod by the surface membrane characteristics 
of the senescent erythrocytes, With the advent of now techniques 
for studying membranes (1 .2 ), it was decided to characterise the 
membrane surface properties of old and young erythrocytes in 
anticipation of detecting changes rdiich might be recognised in 
vivo and lead to the removal of effete cells from the circulation 
Since there was some tentative evidence that carboji.yd.rate mi girt 
be involved in cell recognition processes (1 .3 ), these studies 
concentrated on membrane glycoproteins.
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MATERIALS AND METHODS
2 A. Separation an d C h a r a c t e r i s a b i o n o f E ry t li r o c y t e a
Fresi'i human blood was obtained by venepuncture and prevented 
from coagulating by immediate suspension in one tentli volume of 
Alsever’s solution (hukantz gt al,, 1946) . Plasma and the buff y 
coat of white cells and platelets were aspirated after centri­
fugation at 800g for lOmiii and resuspension in a buffer of pH 7 « 4, 
which contained 5mM sodium dihydrogen o r t h o p h o s p h a t e  and 0.15M 
sodium chloride (PBS 7,4), for a total of four waslies. Con­
tamination with white cells was assessed by staining a sample of 
cells with Giemsa stain ('British Drug houses Chemicals Ltd.,
Poole, England), Cell counting was performed in an improved 
Neubauer haemocytometer, Deteriaination of the AJdii blood group of 
a donor was carried out using human antisera obtained from 
Hyland Div, Travenol Laboratories Inc,, Costa .Mesa, California,
U ,S.A,
2,2 Preparation of Erythrocyte i.iembroues
haemoglobin free erythrocyte membranes (ghosts) were pre­
pared by lysis and washing in 5mM sodium diliydrogen ortho­
phosphate, essentially according to the method of Steck et_ ajU 
(1 9 7 0 )* These authors advise the discarding of a hard-packed 
pellet of material allegedly from white cells and possessing 
proteolytic activity. If care is taken to remove white cells 
during erythrocyte washing, this step is unnecessary,
/LuS. P ro par ntioii of iso-osmo tic B ovine Alb umin _ S o lut ip na
Bovine albumin, Fraction V , (Sigma Chemical Co., St Louis, 
Missouri, U.S.A.) was dissolved at 4*^ C in deionised distilled 
water to yield a 20/ (w/w) solution, wiiich was deionised by 
passage through a column of analytical grade Amberlite monobed 
resin ;,lh3 (British Drug Houses CliemicoJ.s Ltd., Poole, England),
The resulting solution was clilutedto 5/ (w/w) and lyoplilised.
The protein v/as powdered and dissolved in a buffer of composition 
1 5 3mM sodium hydrogen carbonate, 5 . 2uiM magnesium chloride and 
potassium ciiioride (bishop & Prentice, 1906)  ^ containing 0,Img/ml 
streptomycin sulphate and 0 .6mg/ml penicillin (both obtained from 
Glaxo Laboratories 5 Greenford, England). The desired protein 
concentration was approximately 42/ (w/w) »
The osmotic activity of an albumin solution was determined 
on an Advanced Digimatic Osmometer, model 30 (^Advanced 
Instruments Inc,, Needham Heights, Massachusetts, U .S „A .), 
employing tne method of Pioiuelli Pft, al. ( 1 9 6 7 ) . The desired 
osmolality of the albumin solution was 2 9 1 milliosmoles per kg. 
The osmolality of the concentrated albumin solution was 
determined by measurement at twofold dilution in a solution of 
composition 148mli sodium chloride, 3.2mil magnesium chloride and 
5mil potassium chloride (diluent solution), which was 2 9 1 uilli- 
osiiiolar. Adjustments of tlie osmolality of the concentrated 
albumin solution were achieved by the addition of solid sodium 
chloride until a twofold dilution in the diluent solution left 
the osmolality uncîianged at 2 9 1 milliosmoles/]i:g.
The specific gravity of the concentrated solution was 
determined by weighing in a 1 0 0ml voliutietric flask at 2 0 ^ 0 on a 
Stanton Unimatic balance (Stanton Instruments Ltd., London, 
England). Fractions of required specific gravity were prepared 
by dilution of the concentrated albumin with the diluent solution 
and yielded solutions of pll 7.4.
2.4 Fractionation of Human E rythrocytes
'.Vashed, packed erythrocytes ( 1ml) were applied to the top of 
a discontinuous density gradient of iso-osmotic bovine albumin.
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The gradient consisted of five 2 ,3ml fractions layered in %
9/ 1 6 " cellulose nitrate centrifuge tubes. The specific gravity 
range of the fractions for blood group 0 erytbrocytes, from 
donor A.B., was 1.095-1.115g/ml by steps of 0,005, v/iiile for 
blood group B erythrocytes, from donor J.G.B., the range was 
1 „090-“l c litg/iiil by steps of 0.006. Gradients were centrifuged at 
for 40min in a Beckman SIV40 rotor at 40,000 r .p,m. in a 
Beckman L2-6pl3 ultracontrifuge, The resulting six fractions of 
cells were obtained by slicing the tubes using a Beckman tube 
slicer and washing the cells free of albumin by four washes in 
PBS 7 .4 . The distribution of cells among the fractions, was 
obtained by measuring the haemoglobin content of each fraction.
2 . 5 Determination of Haemoglobin
Haemoglobin was measured by the method of Van Kampen & 
Zijlstra (1 9 6 I), Sodium dodecyl sulphate (British Drug Houses 
Chemicals Ltd., Poole, England) replaced Sterox SE in the assay 
solution. It was present at 0 ,0 5 / (w/w) and did not affect the 
colorimetric assay. This and all subsequent colorimetric assays 
were performed in a Beckman DB spectrophotonieter, Jiumaxi haemo­
globin, type IV, obtained from Bigma Chemical Company, St Louis, 
Missouri, UeS.A., was used to prepare standard curves.
2.6. Measurement of Erytiirocyte Glucofie-ô-pliospliate 
Dchydroc;enase A ctivity 
The assay of glucose-G-phosphate dehydrogenase (EG 1.1.1.49) was 
based on the method of Piomeili Rt a_l, ( 1963) ., Packed red cells 
were lysed by 250-fold dilution in distilled water. Lysate (iml) 
was made u p , in the substrate-containing assay medium, to a 
volume of 2.9ml to which v/as added O.Iml of O.O3 M di sodium NADP, 
obtained froiu Boehringer MaruHicim GmbH, Mannheim, Germany, to
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start the reaction. A  blank, from wliic,U tiie substrate sodium U- 
glucoBe--6 -''!)]iOSphate (axgma Chemical Go„, St l,oui s , ;.:iss ouri,
U.S. A c )  way omitted, was used. I lie assay was ai lowed to proceed 
for 20 min o.t 25^C in a Cary Model 15 recording s p c c L r c p h o t o m e t e r 
(Cary Ins traments, iionrovia, California, U .S .A ,). T be rate of 
change of absorbance at 34-Onni was measured and related to the 
formation of NADPR using the extinction coefficient of 6 2 0 OM 
cm ^ . The enzyme activity was related to the haemoglobin 
present by assaying an aliquot of lysate for haemoglobin.
2.7 CliGiiiical and Enzymatic Hydrolysis of Erythrocyte
Jj yAc e ty I n G111'a i.iin i c A c i d
N-Acetylneuraminic acid v/as assayed by the metliod of 
Aininoff (I9 6 1 ), which requires the presence of - free M- 
o.cetylneuraminic acid. The free acid was released from intact 
cells by Clostrid ium p erfringeiis neuraminidase (EC 3.2.1.18) or 
by acid iiydrolysis. The neuraminidase (Type V I ) was obtained 
from Eigma Chemical Co., St Louis, Missouri, U.SoA. Enzymatic 
hydrolysis was carried out by incubating cells equivalent to 
4 6 .9mg haemoglobin in a total volume of 1ml of buffer of com­
position 5îüM sodium acetate and O.lpM sodium chloride at pii 5 
containing 0.03 mg enzyme protein. Incubation was for Ih at 37*^C 
with shaking.
Conditions of acid hydrolysis were standardised to allow for 
the buffering effect of haemoglobin. A sample of cells, 
equivalent to 46.9mg haemoglobin, was made up to 1ml in O.OpM 
sulphuric acid. Hydrolysis was carried out at 80^C for lb..
Samples from enzymatic and acid hydrolysis were treated v/itii 
an equal volume of 5 / (w/v) dodcca-tungstopliosphoric acid 
(British Drug Houses Che-uicals Ltd., Poole, ihrgJand) and tlie
precipitate was centrifuged at 20, GUOg f or lOiiiin. The precipitate 
was washed with 1ml of 2 .5 / [w/v) dodeca.™ tyngstophosplioric acid 
and the j^-a.cetyIneuraminic acid, content of the combined super- 
nata.nts was determined.
2.8 Hydrolysis and Purification of Erythrocyte Me.mhrane
K— AcetyIneurami n ic Acid
N_-Acetyln.curaminic acid was released from erythrocyte ghosts 
by hydrolysis in 0.025M sulphuric acid at BO^C for 1h . Sub­
stances whicli interfere in the assay were removed by binding the 
j^-aceiylneuraminic acid to an ion exchange rosin, hydrolysates 
were treated with an equal volume of Ü . 0 2 5 M bai’iuiu hydroxide, 
pH 6 , to precipitate sulphate ions. After centrifugation at 
20,000g for lOmin, the supernatant was passed through a 
column of Dowex 1X8-100 formate. The column was washed with 10 
volumes of water after which the N~acetylnoura.minic acid was 
eluted in 18 volumes of 0.3^ formic acid. Samples were lyo- 
phi U s e d  and redissolved in a small volume of water for assay.
The recovery of ^-acetylnouraminic acid by this procedure was 
determined by running standards simultaneously under identical 
conditionso Recoveries were routinely 76/.
Howex 1X8-100 formate was prepared by washing the ciiioride 
form of the resin, obtained from Sigma Chemical Co., St, Louis, 
Missouri, U.S.A., with acetone, water, 3M hydrooliloric acid, 
water, yU sodium hydroxide, water and 2 M sodiinii formate.
2.9 The T b i 0 b a r b ituric A c 1 d A s s a y of U-A c e b y Ineurru.i i n ic Ac i d
An aqueous sample (0,3ml) containing N-acetylneuraîninic acid
was treated with 0 .2 3 "^ !^ of 2 3mM sodium metapcriodate ph. 1 .2 , and 
incubated at 3 7 ^ 0  for 3 6 m i n . This was followed by the addition 
of 0 .2 ml of 2 / (w/v) sodium arsenite in 0 .5 ;>i hydrochloric acid.
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Blanks were obtained by addition of arsenite prior to periodate. 
After the disappearance of the yellow colour, 0.IM 2-thiobaruitu- 
ric acid (2ml), obtained from Koch-Light Laboratories Ltd., 
Colnbx’ook, Bucks., England, was added and tlie sample boilted for 
7 .5min. The sample was cooled in ice and the colour was 
extracted into ^ml of butan-l-ol containing 5 / (v/v) hydro­
chloric acid. The colour developed was determined at 549nm and 
compared to that of N-acetylneuraminic acid standards, 
acetylneuraminic acid was a product of Koch-Light Laboratories 
Ltd,, Colnbrook, Bucks,, England, The assay is that of 
Aminoff (I9 6 I),
A number of aqueous solutions, potentially capable of inter­
fering with the assay, were subjected to the conditions of the 
assay both as samples and as blanks. These were unhydrolysed 
ghost supernatant, aqueous solutions of m a IonaIdebyde bis ™ 
(dimethyl acetal), obtained from Ralph N, Emanuel Ltd., Wembley, 
England, and the supernatant of a linseed oil emulsion. Linseed 
oil was obtained from Affchem Ltd., Falkirk, Scotland, Spectra 
of the colour developed by all these substances were obtained on 
a Pye-Unicam SP8000 ultraviolet recording spectrophotometer (Pye™ 
Unieam Ltd., Cambridge, England).
2,10 Determinât!on of Amino Sugars
The release of N-acetylglucosamine and ^-acetylgalactosamine 
from ghosts was carried out in 4M methane«sulphonic acid (Koch- 
Light Laboratories Ltd., Colnbrook, Bucks., England) at 100°C for 
24h in evacuated, sealed pyrex tubes.
Ghost suspension (0.2ml), containing approximately O.^mg' 
protein, was made up to a volume of 0,5ml in 4M methane-suIphonic 
acid, DL-norleucine (50nmol), obtained from Sigma Chemical Co.,
St« Louis, Missouri, U.S.A., was added as an internal standard,
A.f ter hydrolysis, 3 " sodiut). Jiydroxide (0,3^1) and IM sodium
hydroxide (0o2ml) were added. This was followed by further snail 
additions of alkali until a pH of 2-2.3 was achieved. The 
resulting solution was analysed in an amino acid analyser JLC- 
3All of tie Jcipanese Electron Optica Laboratory Company Ltd.,
Tokyo, Japan, using 10cm and 30cm columns of LCIll resin.
^.11 DctgllTijjlpti.on _of
Ghost suspension (0.3ii^1)î containing ajiproxiniately 0.45mg 
protein, was dried down over phosphorus pentoxide under vacuum. 
Samples were then prepared for gas chromatographic analysis by 
the method of Clamp ejt al.(l97l)* Sugars were run isothermally 
at 163*^0 in a Pye series 104 gas chromatograph, with a f lame- 
ionisation detector. Nannitol was used as an internal standard. 
Determination of the sugar of interest was carried out by 
measurement of peak areas and relating these to a series of 
standard curves derived from sugar standards covering the 
expected concentration range.
2 ...1^2 Determina t i on of Jr* i^ o t e i n
Erythrocyte laembrane protein was estimated by the method of 
Lowry £t a_l, ( 1951) » using deionised, lyophilised bovine albumin 
as standard.
1 n c o r p 0 r a ti on of a T riti urn j^ ab e 1 into _ N- A c et y 1 n_e uj: o.iu_iji i c
of Erythrocyte Membrane Glycoproteins 
The labelling procedure is based on that of Bliimenfeld et al,
(1 9 7 2 ). A 3 0 / (v/v) suspension of packed, waslied erythrocytes in 
Pj3S ?c4, containing sufficient sodium metapcriodate to give a 
tenfold molar excess of periodate to N-acetylneuraminic, was 
shaken for lOmin at 20^0. The oxidation was terminated by the
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addition of cold PBS 7.4 and centrifugation o.t SOOg for 10min for 
a to ta 1 of thr e o wa s h e s . T h e p a c ke d r e d c e 11 s vj e r e r e s n s p a n d e d 
in an equal volume of PBS 7.4 and a quantity of tritiated sodium 
borohydride (ISO mCi/rrunol) in 0.0IM sodium hydroxide was added to 
yield a twelvefold molar excess of borohydride to N - a c e t y l n e u r a -  
minic acid., After 30min at SO^C with frequent shaking, the 
reaction was terminated by the addition of cold PBS 7.4, with
centrifugation and washing as above, until the supernatant was
essentially free of radioactivity. All radiochemicals were 
obtained from the lladi ocbemical Centre Ltd., Âjnersham, England «
2.14 Incorporation of a Tritium Label into Galactose/
Gala c t o s am in e R e s idues of the Erytiirocyte Membrane
The labelling procedure was based on that- of Gahmberg <k 
llakomori (1973)« Packed erythrocytes (O.1ml) were suspended in 
2 volumes of PBS 7*0 containing 80 units of galactose oxidase 
(EC 1,1*3*9)? and the suspension was incubated at 37^0 for Ih 
with gentle shaking* Galactose oxidase was obtained from 
Wortliington Biocliemical Corp., Freehold, New Jersey, U.S.A. The 
reaction was terminated by the addition of cold PBS 7.4? with
centrifugation and washing for a total of three washes * The
packed cells were resuspended in an equal volume of PiiS 7*4 and 
0c8mCi of tritiated potassium borohydride (130mCi/imnol) in O.OIM 
sodium hydroxide was added* After pOmin at 20^C with shaking, 
the reaction was^ terminated by the addition of ice cold PBS 7.4, 
with centrifugation and washing until the supernatant was 
essentially free of radioactivity.
2.15 Sodiiuri Dodecyl Sulphate Gel Electrophoresis
Electropliorosis of erythrocyte membranes was performed as
described by Fairbanks et al.(1971)* Sodium dodecyl sulphate,
■rr,
aiUiiioiiiuin persulphate , —jue tliylGr.obi3acrylaiiiit!.e , cli ihio t/b.re i lo.r.
and Njb! jN'*',N^--tGtraiaGthylGi).ediajaine were obtained from .Uritish 
Drug Houses Chemicals L td. * Poolo, England,, hcrvlaniide was a 
product of Koch-Light Laboratories Ltd , 3 Colnbrook, Ducks,, 
England, Pyronin Y was obtained from George T, Gurr, London, 
England, Coomassie brilliant blue II and basic fuciisin were 
obtained from Gurr/Dearie Diagnostic, High Wycombe, Bucks,, 
England*
Erythrocyte membrane samples, containing approxin.iately 
0 ,img protein, were incubated, in buffer containing reducing 
agent and sodium dodecyl sulphate, at lOO^C for 3ciin, before 
application to 1 0 cm x 0 * 6 cm polyacrylamide gels*
Gel densitometry was carried out using a Gilford spectro­
photometer model 240 with a linear transport attachment model 2410 
(Gilford Instruments Ltd., ïeddington, Middlesex, England), 
Coomassie stained gels were scanned at 550nm; periodate-Schiff 
stained gels were scanned at 5 6 0 nm,
Stained or unstained radioactive gels were sliced into 1mm 
slices for counting, using a Mickle gel slicer (iiickle Laboratory 
Engineering Co., Gernsiiall, Surrey, England).
Liquid Scintillation Counting 
Tritium was determined in a sc inti H a t i o n  fluid, compatible 
with aqueous samples, which tolerated l-2ml of aqueous sample per 
10ml sc inti 1 labor. The scintillation fluid was a 35^^ (v/v) 
solution of Triton X 114 (hoch-Light Laboratories Ltd,, Colnbrook, 
Bucks., England) in toluene and contained 0.3^’ (v//v) 2,3- 
diplienyloxazoie (also hoch-Light) and O.Opk (w/v) p-bis {c4- 
methylstyryl ) benzene (Eastman B.odak Co., Ro dies te r , hew Y o r k , 
U.S.A.).
Aqueous suspensions of erythrocyte raenibrooios were added to 
scintillation fluid without additional treatment. thole ceils 
(5jil) were decolorised with 0 /3mi 'jU'A (w/v) hydrogen peroxide 
(British Drug houses Chemicals Ltd., Poole, England). \/ater was 
added prior to scintillation fluid. Gel slices were treated with 
0 .3 ^1 (w/v) hydrogen peroxide and solubilised overnight at
60^C prior to the addition of water and scintillator. Counts 
were determined on a huclear Chicago Isocap 3^0. Efficiency of 
counting was approximately 43^.
2 .17 A p; p-1 u t i n a t ion Studies
Human anti-B serum was obtained from Hyland Div. Travonol 
Laboratories Inc., Costa Mesa, California, U.S.A. Wheat-germ 
agglutinin was purified by the affinity method of ileitherman eyf 
ale(1 9 7^) and was used at a concentration of 0,4mg/ml. Careinus 
lectin was partially purified from tlie ha emo lymph of Caro inus 
crabs by adsorption and elution from a column of N-acetylglycyl- 
AH-sep)iarose (A. Baxter, unpublished work). Tlie concentration of 
agglutinin in this preparation was unknown.
Serial dilutions of the agglutinins, into PBS 7.4, were 
carried out in a plastic agglutination tile and to each well was 
added one half volume of 1,5/ (v/v) erythrocytes. ErytJirocytes 
were fractionated, trypsinised or neuraminidase treated, depend­
ing on the conditions being studied.
Trypsinised cells were obtained by incubating 0.2ml washed 
red cells for Ih at 37^C in 5 ^ ih'il of PBS 7.4 containing 5iug 
bovine pancreatic trypsin (EC 3.4.21,4), obtained from Loch-Light 
Laboratories Ltd., Colnbrook, Bucks., England. After 3 washes in 
PBS 7.4, the cells were resuspended to 1.5/ (v/v).
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Cel is treated with neurauiiuida.se (EC 3 «4.21.14) were obtained 
])y incubating l.pwl packed red cells in l*3ml sodium acetate,
0 .1 3m sodium chloride buffered at pii 6 ,3 , containing 0 .2mg 
neuraminidase. Samples were incubated at 37^0 for Ipmin or 1h 
and after washing, were resuspended at 1 .5 / (v/v) and used for 
agglutination *
2 *18^  81 an da r dis a. 1 i o n o f A. g g 1 u t i n a t i o n P r o c e d u r e
In the previous section, the preparation of erythrocytes, 
th.o agglutinins used and tiie buffer ha/ve been defined. 
Agglutination was allowed to proceed for pCmin with occasional 
shaking. After this time, the well in which 50/ agglutination 
had taken place was noted. Assuming the initial concentration 
of the agglutinin in each case to be unity, each well in a row of 
serial dilutions can be assigned a number, corresponding to the 
agglutinin dilution factor. For example, well 1 would be 
designated 2, well Z designated 4, well 3 designated 8 , etc. In 
assessing the response of differently treated erythrocytes to 
equal concentrations of agglutinin, the dilution factor o,t vfhich 
5 0 / agglutination of a particular type of cell occurred, wtis 
defined as that cell's agglutination index. In this way, the 
interaction of differently treated cells with the same agglutinin 
could be assessed semi-quantitatively,
2.19 I o dination of Vi/ho at-Germ Agglutinin
The iodination reaction was a modification of the method of 
Marchaionis (1969), The reaction was carried out in a total 
volume of Q.4ml containing 0.15M sodium chloride,0.OpM sodium 
dihydrogen orthophosphate, 0,02niM potassium iodide, 0, IM il- 
acetylglucosamine (Sigma Chemical Co., St Louis, Missouri, U.S.A.), 
20pg lactoporoxidase (SC 1.11.1.?) (Calbiochom, Los Angeles,
2:)
California, U.S.A.), 2mg wjieat-germ agglutinin and IJijiCi sodium
f] ‘^5 n[ -iodido. The reaction was initialed by tlie addition of
î^ydrogon peroxide to give a final concentration of 0 .1 7 6 wi\l.
After 30min at 20 C, the reaction was terminated by the addition 
of 1ml 20mM 2-mercaptoethanol (hoch-Light Laooratorios Ltd., 
Colnbrook, ihicks., England). The agglutinin was dialysed 
against distilled water for 24h at 4^C, followed iiy two 24h 
dialyses against PBS 7^4. It was subsequently used at a concen­
tration of 0o4mg/ml and its specific activity was determined as 
0 n 34^0i/mg.
2.20 Binding Studies Using L -A/Iica t-Germ Agglutinin
Binding studies were carried out in polypropylene Beckman
Rio-vials which had been presoaked for 4h with. 2 rul of bovine
albumin, which was 3mg/ml in PBS 7*4. The albumin was aspirated
before use. For binding studies, 0. 8|ig-12^ig of ij-wheat-germ
agglutinin and 1 0 ^ erythrocytes were incubated at 2 0 ^C in a total
volume of 0.4ml PBS 7*4. For the purposes of studying saturation
binding, S|ig, 1 2pg and l6pg agglutinin were added to 2 x 1 0 ^
erythrocytes. After pOmin witii occasional shaking, the cells
were wo,shed three times with 2m 1 PBS 7.4, and the amount of
T o It.
bound agglutinin was determined in a Beckman Biogamma 
counter (Beclauaii Instruments Tnc,, Palo Alto, California, U.S.A.) 
Corrections were made for non-specific binding to the poly­
propylene tubes, although this was minimised by the albumin pre­
soaking step (liosouey ut a 1^ . , 1 9 7 2 ).
Inhibition of binding to erythrocytes by ovomucoid fraction
II (Ueeley, 1 9 7 1 ) was carried out by incubating 12^ig agglutinin 
7and 10 erythrocytes in 0.4ml P3S 7»4 containing 0.Gbmg-Unig 
ovomucoid fraction II.
2.21 Frce%e-Fracture of Intact Krythrocytes
Freeze-fracture was carried oat on both, fixed and unfixed 
cells. Vvhere fixed cells wore used, washed, packed cells were 
suspended at 1/ (v/v) in FBS 7»4 w!).ich was 0.3/ (v/v) in 
glutaraldehyde (Taab Laboratories, Enuaer Green, Heading,
England), The cells were iuiiaediately pelleted by centrifugation 
at SOOg for 3min, followed by washes in distilled water and 20/ 
(v/v) aqueous glycerol (British Dx'ug Houses, Chemicals Ltd., 
Poole, England)o Samples of fixed, glycerinated or unfixed 
packed cells wore applied to gold specimen support discs, using a 
fine capillary pipette, and were immediately rapidly frozen by 
iîiuaei’sion for 2-3s in Freon 22 at liquid nitrogen temperature. 
Samples were stored at this temperature until used. Freeze- 
fracturing was carried out in a Balzor's 360m .Freeze-Etch Unit 
witji a specimen tejupei’ature of - 1 0 0 during the fracturing 
process. Replication was started immediately after the last 
fracture stroke. After floating on to distilled water, the 
replicas were cleaned by overnight iimiiersion in 7 0 / (v/v)
Chloros. The replicas were rinsed twice with distilled water, 
followed by transfer to a 7 0 / (v/v) sulphuric acid solution for 
3™4h and three 30i*iin rinses in distilled water. TJie replicas 
were collected on grids carrying carbon-coated formvar films and 
examined in a Philip's E.M300 electron microscope operating at 
6 0 kV.
Incorporation of -djobe 1 into the External Bur fa ce
j?r^qteiips 0 f Erytiirocytes 
Washed erythrocytes were suspended to a 30/ hacmatocrit in 
PBS 7.4 and incubated at 20^0 with 0.2mg lactoperoxidase and 
4pCi sodium ij-iodide . To this was added 20ul 2.112mî\l
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hydrogen peroxide at 2min intervals for Ih* Labelled erythrocytes 
were washed and Hiembranes isolated as described.
2.2) Treatdiont of Erytlu'ocytes witli Proteolytic Enzymes
A grade tjC-chymotr^’-psin (EC 3.4.21.l) from bovine pancreas 
and B grade pronase (EC 3.4.24.4) were obtained from Galbiocbem, 
Los Angeles, California, U.S.A. Sub ti lis in 'f y%]0 VII (EC 3.4.21. 
14) was obtained from Sigma Chemical Co., St. Louis, Missouri, 
U.S.A. TPCK-trypsin was prepared from Sigma's bovine pancreatic 
trypsin by tlie method of Carpenter (196?).
Erythrocytes, at 33/ haematocrit in PBS 7*4, were incubated 
at 3 7 ^G in the presence of O.pmg enzyme per ml red cells.
Duplicate samples were withdrawn at 3> 20 and 60 rain, and 
inunediately centrifuged in cold PBS 7.4 for a total of four 
washes. One sample was hydrolysed under standard conditions to 
determine its U-acetylneuraminic acid content. Membranes were 
prepared from the duplicate sample for electrophoresis.
R E S U L T S
Figure 2a Fractionation of Human Erythrocytes on Discontiguous 
Density Gradients of Iso-osmotic Bovine Albumin 
Erythrocytes (1ml) from three donors, L.C., J.G.B.
& A.B., were centrifuged on five-step discontinuous 
gradients, of density range 1 .0 9 5 - 1 .1 1 5 g/nil by steps 
of 0 .0 0 5 , to yield six fractions of differently aged 
cells at the interfaces.
Figure 2b Recentrifugation of Erythrocyte Fraction 3
(i) Erythrocytes from A.B. were fractionated as 
described above. Fraction 3 was removed, washed free 
of albumin and reapplied to an identical gradient,
(ii) 7 8 / of the erythrocytes returned to the expected 
position. The remainder banded at a position of 
increased specific gravity.
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Figure 3 Distribution of Human Erythrocytes on Discontinuous 
Density Gradients of Iso-osmotic Bovine Albumin
(a) Erythrocytes from 3 individuals L.C., J.G.B, and A.B. 
were separated into six differently aged fractions on 
a five-step gradient of density range 1 .0 9 3 - 1 .H 3 g/ml 
by steps of 0 , 0 0 5 to yield the distributions shown. 
These conditions were considered suitable for the 
cells of A.B.
(b) Erythrocytes from J.G.B. were separated on a slightly 
modified gradient of density range 1,090-1.114g/ml by 
steps of 0 .0 0 6 .
(c) The fractionation procedure yielded fairly reproducible 
distributions of the cells of A.B. in three separate 
experiments,
A 2
3 H  * 1 ]‘Vac i i o u a b i o a of Hum aj i Err/UAHAZtRR.
The separation of human erythrocytes on gradients of bovine 
albumin is dependent on the specific gravity distrioution of an 
individual's rod cells. Fig. 2a shows Lho distribution of colls 
of throe individuals on a five-step gradient of density 1.093™ 
1 .1 1 3 s/(: 11 by steps of 0 . ()03 . F ig . 3a s >tows 111ese di s 1,ributi ons 
as percontai^es of the total cells applied to the gradients.
Subject L.C. is a fcsaale donor vdiose erythrocytes were of 
significantly lower mean specific gravity titan those of tljo otiter 
two male donors. In all subsequent studies, fresh erythrocytes 
were obtained from male subjects J.GJi. and A . B . Cells from 
J.G.B. were, however, fractionated on a five-step gradient of 
density 1.090-1.114g/ml by steps of 0.006 (Fig. 3b). These con­
ditions were considered suitable for the investigation of changes 
occurring on aging, since they allowed the isolation of the 
densest 7 - 1 0 / of the cells.
Fig. 3c demonstrates tlie reproducibility of the fractionation 
procedure for tiie erythrocytes of subject A.B. on the same 
gradient system in three separate experiments. Furthermore, if 
cells isolated from density fraction 3 are washed and re-applied 
to a fresh gradient, 7 8 / of the cells reappear at the expected 
position (Fig. 2b). The remaining 22/ show an increase in 
density, possibly due to additional manipulations or change in 
sample size.
3 .1.2 ilomogeneity of C ell Fractions
The preparation of a sartple o-f ery throcytes for density 
gi'adieiit f racti on at ion required removal of plasma and huffy coat 
of white ceils and platelets by aspiration. fo do this effectively 
entailed a loss of some 3 - 1 0/ of the youngest erythrocytes but as
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a result residual coutaminatiou by other blood cells was limited 
to the least dense f r a c t i o n .  Staining of the different density 
fractions with Giemsa stain indicated that minor contamination 
of the least dense fraction by white ceils was of the order of 
0,1/. Uoticulocytes were present in the least dense fraction 
but were not routinely quantitated. Platelets were not observed 
under the microscope In any of the cell fx"actions. Furtliermore,
Po1yaory1amide gel electrophoresis in sodium dodecyl sulphate of 
ghosts prepared from cell fractions, consistently showed no 
contaminating non-erythrocyte polypeptides. Therefore all 
fractions, with the exception of the least dense, were considered 
to be homogeneous erythrocytes *
3.1.3 Haemoglobin Content of Fractionated Cells
Table 2 shows the cellular haemoglobin content of erythro­
cytes from different density fractions. The mean value obtained 
over the six fractions was 46.5pg haemoglobin per coll. The 
deviation from the mean is not considered to be significant, 
because of tlie large errors involved in visual ceil counting, 
although these errors were minimised by counting at least 600 
cells for each fraction. Leif & Vinograd (1964), using an 
electronic cell counting method, found that the haemoglobin 
content of human erythrocytes did not vary during i^ n vivo aging. 
Table 2 ilaoaoglobin Content of Fractionated llrvtdirocvtes
Fraction Number \ pg iiae;.ioglobin/ce 11
1 50
2 48
3 45
4 . 42
5 48
6 46
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These observations preclude the necessity of routine cell 
counting. Equal numbers of cells from different density fractions 
can be obtained by a simple haemoglobin assay.
3.1.4 G 1 u c o s e - 6 -.1^ h o s 1 ) h a t e Ueliy d r o g e n a. s e A c t i v i ty o f
FTa.c ti 0na tod Ery bhr o cy t e3 
The relationship between age and specific gravity was 
established by studies on labelled human erytJirocytes, Since 
similar labelling experiments with human erythrocytes were con­
sidered impractical in these studies, an independent parameter 
known to vary with erythrocyte age, was measured to test whether 
the fractionation on tlie basis of density was indeed yielding 
cells of different age. Table 3 shows tiie relative activity of 
glucose-6-phospliate deliydrogenase for different density fractions, 
Ïable 3 Activity of Glu co.se-6-Phosphate Dehydrogenase of
Fractionated Erythrocytes
Fraction
Number
1
2
3
4
5
6
Distribution 
fo of total ceils
19.5
2 6 .9
21.9
10.6
10.3  
10.8
G luc 0 s e - 6--p h 0 s p ).iate deh ydr 0 g e na s e 
relative activity (/)
100
37.1
37.1
38.6
14.7
7.6
Pioiuelli £t a_]^, (1968) have shown that the activity of this 
enzyme decreases by about 75/ during the liuman erythrocyte life­
span, the mean value being 4,95 units per g haemoglobin. In the 
present study a mean of 4,19 units per g haemoglobin was found 
and the enzyme activity was found to decrease progressively, 
especially among the densest cells. These findings support the
suggestion that fractionation of human eryWrrocytes by ultra- 
o e n t r i. f u g a t i 0 u on discontinuous density gradients , yields popula­
tions of cells of different jni vivo age,
3,1.5 General Observations on Fractionated Erythrocytes
The densest fraction of cells obtained was markedly more 
susceptible to lysis on iji vHiyq storage in isotonic buffer at
4^C, Moreover, the two densest cell fractions yielded pellets on 
centrifugation at SOOg for 10min which were more difficult to 
resuspend than those of less dense fractions. Neuraminidase and 
trypsin treated cells were also more difficult to resuspend tiian 
control cells. Thirdly, it was observed that, in the densest 
fraction there were more cells per unit packed cell volume tlian 
in the lighter fractions,
3.2,1 The Estimation of N-Acety liieuraniinic Ac id
The most sensitive method available for the determination of
N-acetylneurojuinic acid is that of Aminoff (1 9 6 I) which requires
the presence of the free acid. This is oxidised by acidic
sodium me tap or i od ate to p-f oriaylpyruvic acid which reacts with
thiobarbituric acid reagent to yield a pink chromogen of X
 ^ ^ max
549nm (Warren, 1959).
The release of N-acety1neuraminic acid by acid hydrolysis of 
cells v/as carried out under standardised conditions because of 
the buffering effect of large amounts of haemoglobin on the low 
concentration of acid required to liberate N-acetylneuraminic 
acid without its destruction. Pig, 4 shows the release of N- 
aeetylneurarainic acid at different concentrations of sulphuric 
acid, from samples in which the concentration of haemoglobin was 
kept tit 46. 9m g/ m l . hydrolyses v/ere performed at 80^0 for Ih. 
Under such conditions, the optimum concentration of sulphuric
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Figure 4 Effect of Sulphuric Acid Concentration on the Release 
of N-Ac e tylu eu r ami u i c Acid from Intact Erythrocytes
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Erythrocytes, equivalent to 46.9iüg haemoglobin, were 
hydrolysed at 80^G for Ih in a total volume of 1ml of 
varying concentrations of sulphuric acid, AcNeu was 
assayed by the method of Aminoff (196I), The optimal 
acid concentration was determined to be 0,05M.
Figure 5 Srectra of Chromo^ens Obtained in the Thiobarbituric 
Acid Assay
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The thioharhituric acid assay of' _N-acetylneuraminic 
acid was carried out according to the method of 
Aminoff (I96I), Under the assay conditions, a 
'hydrolysed red blood cell supernatant (RBG SN) and a 
standard solution of _N--acetylneuraniinic acid (Std 
AcNeu) gave identical pink chromogens 549imi.
Malonaldehyde (Mai) gave rise to a pink chromogen of
max
532nm,
acid was OoO^M and all subsoqnoiit hydrolyses were carried out 
under these standard conditions..
The colorimetric determination of N-acetylneurauiinic acid is 
subject to interf crence by substances sucJi a.s 2-deoxyr ibo.se, 
wJiicli on treatment with periodic acid gives rise to malonaldciiyde 
(Waravdekar & Saslaw, 1959) <. The latter substance will react 
with thiobarb itur ic acid to yield a pink chromo gen of A 5 3 2 nm 
(Fig* 5 ) 0  however, Uie supernatant from a standardised hydroly­
sis of red blood cells can be seen in fig* 5 to be identical to 
the h-“acetylneurajninic acid standard under the assay conditions, 
and so cell hydruly.sates were assayed, after precipitation of 
the protein, without additional treatment*
3 * 2 *2 Lipid Peroxidat ion
In the course of these studies it was necessary to carry out 
two experiments*
(i) to measure the H-acetylneuraminic acid content of 
erythrocyte membranes *
(ii) to treat erythrocytes with tritiated sodium borohydrido 
in order to reduce aldehyde functional groups, generated by 
treatment of erythrocyte membrane curbohydrate witli sodium meta­
periodate or galactose oxidase*
It was observed with regard to (i) that a control sample of 
ghosts, wliich had not been hydrolysed to release N-acotyl- 
neuraminic acid, nor treated with periodate prior to the 
addition of thiobarb ituric acid, gave rise to a pink chromo gen
of A 5 3 2 nm (Fig* 6). Its spectrum was identical to that of max \ / i
malonaldehyde and to that of a substance present in oxidised 
linseed oil (Fig* 6 ), v/liicli has a hi-li content of uns a turn ted 
fatty acids.
b9
Figure 6 Spectra of Ghromogens Produced ~by Substances which 
Interfere in the Thiobarbituric Acid Assay
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The supernatant of a ghost suspension (Ghost SN), the
supernatant of a linseed oil (LO) emulsion and
malonaldehyde (Mai) give rise to pink chromogens of
X  532nra under the conditions of the thiobarbituric 
max •
acid assay, of N-acetylneuraminic acid and so could 
interfere in the determination of AcNeu, 549um,
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It was observed with regard to (ii) that control prepara­
tions of erythrocytes. which had not been oxidised by sodium 
jnetaperiodatc or galactose oxidase, incorporated tritium 1abe1 
into the membrane ^ Gel electrophoresis showed that t)je non­
specific label was predominantly in lipids * This non-specific 
labelling was greatly increased if ghosts were first isolated 
and then labelled (Table 4),
Table 4 Non-Specific Tritium Labelling of Erythrocyte
I'lerabranes
preparation labelled dopmu» per mg membrane protein
intact erythrocytes 8 , 2 0 0
erythrocyte ghosts 64,900
Since a thiobarbituric acid assay has been used to measure 
the products of the oxidation of lipids (Wilbur ejt a_l » , 1949), 
the above observations suggest that oxidation of the lipids of
red cell membranes does take place especially in haemoglobin-free
membranes. Since products of lipid oxidation interfere with the 
assay of E-acetyIncuraminic acid, a column purification step was 
incorporated into the assay procedure, when K-acetylneuraminic 
acid of isolated membranes was being determined (2 ,8)0
In labelling experiments, specific labelling of membrane 
components was identified by a separation of proteins and lipid 
on polyacrylamide gels.
^rAGoAyllLPOliUiTiil t^ .^ lpti ono.ted Cells
Table 5 shows the N-acetyIneuraminic acid content of blood 
group 0 erythrocytes for the density distribution sliown, The 
data shows t.he average values of analyses of two separate experi­
ments, In both oases assays were carried out after release of
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^ouetylneuramiiiic acid by Jierf^ÿigcos neuraminidase
in an acetate buffer at pil5 , and by 0 . 0 pid sulphuric acid 
liydrolysis under sta.nd.ard conditions,
T ab I e ;5 J l O
Group 0 Erythrocytes
F r a c t i o D i s t r ihution
Number ^ total cells
ng N--AcotyIneuramijiic Acid/ 
mg Haemoglobin 
GoPo neuraminidase O.O'jN iLSO,
1 23.1 407 412
2 28c9 387 372
3 2 1 .4 370 349
4 9 , 8  373 341
5 8 .1 340 3 2 0
6 8 . 7 335 ■ 320
Tlie accuracy of those values was estimated by analysis of the 
N-acetylneuraîuinic acid released by acid hydrolysis from 
replicate samples of, erythrocytes. The value obtained was 354 
-5 (S.O., for eight determinations) up; of N-acetylneuramiiiic acid 
per mg of haemoglobin. These figures demonstrate that a decrease 
in N-acetylrieuraiuinic acid of the order of 18-22^ accompanies 
aging.
In order to establish that these results are not limited to 
one individual or blood group, the erytiirocytos from a blood 
group B male donor were similarly hydrolysed under standard con­
ditions. The results are sliown in table 6 . Since the trend of 
values in fractions 2 - 6 parallels that of the group 0 erythrocytes, 
it may be reasoned that the e):coptionally higli value in fraction 1 
is due to contamination by cells other tlian mature erythrocytes, 
and is exaggerated by the siaall size of fraction .1, Tivus if the
52
Table 6
B Ervtiirocytes
Fraction,
Number
1
2
3
4
5
6
Dis tri biiti on 
/% total cells
5.4
2 3 .9  
36.2 
18 .6  
8.8 
7ol
ng N-Ac e t y 1 n e u r a.n i u i c Acid/ 
mg iiaemoglob in
339.4
373 .3
363.4
339.3
337 .7
3 2 4.3
values of fractions 1 and 2 are averaged, in which case the con­
tamination becomes less important, the value of 403.3ug N-acetyl- 
neuraminic acid per mg haemoglobin is obtained. Comparing this 
value witJi 324 ,3 for fraction 6, it can be seen that there is 
again a decrease of the order of 20/ in the cell content of N- 
acetylneuraminic acid accompanying aging.
3.n.?n,.4 Characterisation of N-Acetylncuraminic A cid Losses
The N-acetylneuraminic acid of red cells can be labelled 
specifically using a mild sodiuiü metaperiodate oxidation followed 
by tritiated sodium boro hydride reduction (lllumenf e Id ej: al., 
1 9 7 2 ). Table 7 shows the composite results of two such experi­
ments in which fractionated cells were labelled. These results 
Table 7 Labelling of Ued Cell Nembrane N-AcetyIneurarainic Acid
Fraction 
Numbe r
1
2
3
4
5 
■ 6
c, p.m./mg hacLiogloo in 
sodii'iiu metaperiodate sodium
liiiiu [ ^ ii]-borohydrido [ ^d]-borohydrideoa
2 0 7 1 5
1 9 5 5 9
17387
1 7 0 5 9
17241
15L96
6 5 7 5
6 7 7 0
5 7 0 2
5 7 1 7
5 6 3 7
7 0 1 1
AcNeu
labelling
14140
12789
11683
1 1 3 4 2
12304
UÜ85
20
^’igure 7 N-Acetylneuraininic Acid Specific Labelling of the 
Sialoglycoproteins of the Erythrocyte Membrane
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b)
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A tritium label was incorporated into membrane 
sialoglycoproteins and lipids of young (a) and old
(b) erythrocytes by sequential periodate oxidation/ 
^ ^ lij-borohydride reduction (dlumenf eld ejb , 1972) 
Membranes were isolated, subjected to üUü/poly­
acrylamide gel electrophoresis and the gels were 
sliced and counted. The labelling patterns were 
indistinguishable.
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ahov; a 37/ decrease in specific labelling, supporting the 
analytical data which showed a decrease in Ih-acetyincuraj.'iiuic 
acid.
There are three major lh'*acetylneuramiiiic acid containing 
glycoprotein components of the red cell membrane, and these can 
be demonstrated on x^olyacrylamide gel electropiioresis in the 
presence of sodium, dodecyl suljihate (Fig. Ic). These are 
designated FAS 1, 2 & 3 by Fairbanks ot, al_. (1971) and their 
labelling profile after sequential treatment with periodate and 
tritiated borohydride is shown in figure 7, for an old and 
young fraction of group Ü erythrocytes. It can be seen tiiat 
there is no change in the general labelling profile of the 
glycoprotein components accompanying aging, more over, if the 
counts in each peak, indicated by the bars in .figure 7, are 
summed up and expressed as a percentage of the total counts 
incorporated, it can be seen from table 8 that there is no 
significant change ip the relative counts in each peak. For the 
glycoproteins, this indicates that tliere is no specific loss of 
Tab le B hub el ling of Individual Red Cell vaembrane Components
Cell Fraction PAS 1 PAS 2 PAS 3 LIPID
YOUNG 23,6/ 47.4/ 12,3/ 14.3/
OLD 2 3.0/ 45,6/ 1 3.6/ 15,0/
N-acetylneura.iuinic acid from any one particular component, but a 
generalised loss from all three, V/itii regard to the lipid, these 
figures indicate tliat there is no marked increase in lipid 
oxidation within old cell juembranes, despite their having been 
exposed to oxygen for a much greater period of time in tiie cells' 
I if esp an.
\yj
Figure 8a Agglutination of Fractionated Blood Group B 
Erythrocytes by Human Anti-B Antiserum 
Equal numbers of bldod group B erythrocytes of 
different age (l-6) were added to serial dilutions 
of human anti-li antiserum in PBS 7*4, Old cells 
(fractious 5 & 6) were more agglutinable than 
younger cells for any given concentration of 
agglutinin.
Figure 8b Agglutination of Fractionated Erythrocytes by 
Lectins
This figure is representative of the agglutination 
of blood group B or 0 human erythrocytes by serial 
dilutions of the lectins wheat-gerra agglutinin or 
Careinus agglutinin. Identical results were 
obtained in all cases and showed that old cells 
(fraction 6) were more readily agglutinable at a 
l6“fold dilution of the lectins than younger cells,
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i " 1j2 \ Tlie_ Ap^ i’.'Iu tj.nab.il itv of F);acti onatcd Ce.lls
Since chanres in ceil surface carbohydrate take place as 
erythrocytes age iju vivo , it is possible that these changes are 
recognised in the raechanism of removal of old cells from the 
circulation. As the nature of this removal mechanism has not 
been established, the interaction of fractionated crytVirocytes 
with various agglutinins v/as studied as a model of the recogni­
tion processo
The agglutination of fractionated group B erythrocytes with 
human anti-B antiserum is shown in figure 8a. Using the 
agglutination, index, defined in 2,18, it can ho seen that young 
cells have a value of 6 and old colls have a value of 3 2 , 
indicating a marked increase in the agglutinability of old red 
cells. Figure 8h shows a simi1 ar though less dramatic effect 
for Carcinus agglutinin, whose specificity is for ^-acetyl sugars, 
Identical results were obtained with whcat-germ agglutinin (WGA), 
whose specificity is for ^-ac etylgliicosamine, In both these 
cases, for fractionated cells of blood groups B and Ü, agglutina­
tion indices of 12 and l6 were obtained for young and old cells 
respectively. This again demonstrated the increased agglutina­
bility of old cells. Concanavalin A and soya-bean agglutinin did 
not agglutinate untrypsinised erythrocytes. It appears, however, 
that some cell surface change, peculiar to old cells, can be 
"recognised" by certain agglutinins,
p . 3.2 The Binding of -'.Viieat-Uerm Agglutinin to
E rytnro cytes
In order to discover, if tlio increased agglutinability of old 
cells was due to an increase in the number of exposed apjrlutinin 
binding sites, binding studios were carried out using vdieat-geriii
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Pigure 9 Binding of -Wheat-Germ Agglutinin (WGA) to
Human Erythrocytes
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Erythrocytes were incubated with different amounts of
30min at 20^C in PBS 7.4* Cells were
centrifuged and washed and the bound lectin determined
by gamma-counting. The binding curve plateaus at
6
about 13|ig WGA bound per 9. % 10 erythrocytes.
99
clgglui>i!'iiu Vt'ui.cîi Vi0,d been laboilod witli mtlioac bive i.oiiiiie o flie
binding was initially characterised on uni;ractionated group Ü
erythrocytes. Figure 9 shows tine binding curve which is
initially fairly linear and tends toward a plateau at about
6
wbeat-germ agglutinin bound per 9 x 10 erythrocytes. This
7represents 1.7 x lO' binding sites per cell. From analyses of
- a c e ty 1 g 1 u c o s am i n e (3.4.3), it can be estimated that there are
about 2.3 X 10^ molecules of K-acetylgliicosamino per cell.
moreover, Greenaway and Le Vine (1973) suggest thcit wlieat-germ
agglutinin also binds îÿ-acetylneuraminic acid. It can. be
7
estimated that there are about 2.9 x 10 molecules of ^-acetyl- 
neuraminic acid per cell (3.4,3). Some evidence that wheat-germ 
agglutinin does bind N-acetyIneuraminic acid is shown in table 9® 
Table 9 Binding of -hdieat-Germ Aggdutinin to
Nour muip.i da se Tr eated Erytlir ocyte s
rn L 4. $ AcNeu molecules 'VGATreatment '
removed bound/cell x 10
Ü 1.83
Eeuramiiiidase 1 3min 67 1.30
Keuraiuinido-se 60min 78 0.89
Erythrocytes were treated with neuraminidase for different period; 
of time and table 9 shows tiie decrease in the number of molecules 
of wheat-germ agglutinin bound, which accojiipauies tlie removal of 
h~acety liieurajiiihic acid. Furthermore, the data siiown in figure 9 
cannot be fitted to a double reciprocal plot by the method of 
Stock e.: V/allach (1963) to yield a straight line. This indicates 
that tlie binding is not simple and that there is more tlian one 
type of binding site. The complex binding is not due to non­
specific binding since, in the presence of the glycoprotein
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Figure 10 Inhibition of WOA liindine: to Human Erythrocytes
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(l2jig) and erythrocytes (10^) were 
incubated with various amounts of OMII at 20^C for 
30min in PBS 7.4. After the cells were washed, the 
bound WGA was determined by gamma-counting. Binding 
could be completely inhibited by OMII.
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Eigure 11 Binding of to Fractionated Erythrocytes
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.Young (o o) and old (•-— —#) erythrocytes were
incubated with and the binding was
determined by gamma-counting. The binding curves 
were divergent and values at saturation binding 
(extreaiie right) indicate that old cells have 10^ 6 
féwer binding sites than young cells.
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ovomucoid fraction 11^ all the binding is inhibited (Fig. lo). 
3»3Fi The hind i ng of ll he at-''do rju Ag glutin in to
3 .3 . 3 The hinding of L Ij ■“',vheat'''dorju Agglutinin to
Binding assQ.ys were carried out on the six density Tractions
f]23 I
of group 0 erylnrocytes using L ij-wfieat-gerni agglutinin. The 
binding curves for fra.ctions 2 and 6 are shown in figure 11. The 
values at saturation binding are also shown and it can be seen 
that there is no increase in binding sites for wheat-germ 
agglutinin on old cells. There is in fact a decrease of the 
order of lO/o. However, the important conclusion from this 
experiment is that the increased agglutinability of old cells 
with wheat-'germ agglutinin cannot be accounted for by an 
increase in the number of lectin binding sites.
3°3,4 The Intramembranoua Particles of Fractionated
E rythrocytes.
Since intramembranous particles and lectin binding sites 
both involve glycoproteins (Pinto da Silva & Nicolson, 1974), 
the distribution of i n t r am e mb ran on s particles of old and young 
erythrocytes was compared to determine if the distribution in 
old cells had changed in such a way as to predispose the old 
cells to agglutinate mo re readily in the presence of lectin.
The freeze-fracture electron micrographs of young and old cells 
are shown in figures 12a and 12b respectively. It can be seen 
that tliere is no marked change in the distribution of intra­
membranous particles in the old cell membranes which might 
account for their increased agglutinability.
3 .3 . 9 Interaction of \/heat-Germ Agglutinin witii Enzyi.-ie
T r e ajAî d C_e IJ^
Table 10 shows one further observation concerning the
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Figure 12a Intramembranous Particle Distribution of Young 
Erythrocytes
Young glutaraldehyde fixed, glycerinated intact 
erythrocytes were subjected to freeze-fracture 
electron microscopy to expose the intramembranous 
particles.
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-Figure 12b Intramembranous Particle Distribution of Old 
Erythrocytes
Old glutaraldehyde fixed, glycerinated intact 
erythrocytes were subjected to freeze-fracture 
electron microscopy to expose the intramembranous 
particles.
66
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i n t e r a c t i o n  of  é r y t h r o c y t e s  w i t h  w h c a t - g e r m  a g g l u t i n i n .  The  
Tah 1 o 10 E.Pjlgc t s  o f  iJnzyme T r o a tintent o f  l ied . 0 . . 2 1 1
A g g l u t i n a t i o n  and L e c t i n  B i n d i n g
Enzyme
T r e a t m e n t
t ryp s i n 
neuraminidase
/Ù AcNeu 
re leased
0
58 
67
Agglu tina tion 
Index
512
128
iuoleculcs V/QA 
bound/cell x 10
1,87 
1.54
1.50
characteristics of in_ yd.yo aged cells, naiiiely, increased 
agglutinability, docreeifjod binding sites and loss of N-acetyl- 
neuraminic acid can be miiuicked not only by neuraminidase treated 
ceils but also by trypsin treated cells,
Hy<b.‘olysis of L embrarie Bound Aiuino Sugars 
Figure 15a shows the time course of release of i.iembrane 
bound amino sugars by laetiianesulphonic acid hydrolysis at 
lOO^G. High values at 6h are possibly due to interference by 
products of incomplete protein hydrolysis. Since the release of 
amino sugars appears to be Jiiaximal around 24h , and this results 
in fairly complete release of amino acids (Fig. 15b), a 24h 
hydrolysis was routinely employed,
,4 .2_ A mino Acid Composition of Fry Ihrocy to Ki eyi hr an es
Table 11 s])ov/s tiie amino acid coiaposi bion of the membranes 
isolated from three cell fractions of different age and, for com­
parison, the mean of some literature values (hosenberg is; üuidotti, 
1969). There are no siguificant variations in amino acid com­
position among the different aged fractions, and all correspond
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Figure 13 Time Course of Hydrolysis of Membrane Amino Acids 
and Amino Sugars
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Erythrocyte membranes were hydrolysed at lOO^C in 4M 
methanesulphonic acid for different time intervals. 
Amino sugars (a) and amino acids (b) were determined 
on an amino acid analyser. Optimal time of hydrolysis 
for both, was 24h,
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Table 11 A.iiüino Ac id Composi lion of atyqd Fr >’ t ! i r 0 <
}dendjranos
Amino
— -— ----— --------
lie si du os per 100 Resid lies
— — -----—-
Acid Fraction 1 Fraction 4 Fraction 6 L 1 ter a tu re
Lys 4.90 5.15 5.14 4 . 9 6
Ilis 3.24 2.79 2 , 9 2 2.38
Arg 5.36 5.72 5.22 4.62
Asp 9.37 ■ 8,86 9 . 0 5 8 ,69
Thr 5.41 5.58 5 . 5 2 5 . 7 6
Ser 9.37 8.72 8.21 7.20
Gin 13.12 13.08 1 2 , 2 7 12,39
Pro 6.19 7,01 6 ,60 4.28
Gly 7.21 7.01 6,82 6,00
Ala 8.65 8 , 3 6 8.51 7,84
Cys 0.22 0 , 2 9 0 , 3 0 1,14
Val 4.04 4 . 1 5 4,14 6 , 5 9
Met 2.53 2 . 5 0 2.38 1.85
lie 2.95 3 . 0 7 2 . 7 6 4 . 9 2
L g u 11,03 1 1 , 2 9 11.04 1 2 , 0 6
Tyr 2.59 2.57 2.53 2 . 2 5
Phe 3.82 3 . 8 6 3.83 4 , 0 9
well with literature values, more over , table 12 shows the
Table 12 Membrane A 1 an i i i e C ont e u t of Fracti-9.PJ1ted Cells
Fract ion Number Nmol es fL 1 a n i n e per mg haemo
1 5.96
2 6,64
3 - 6,54
4 ' 6 o 5 6
5 6,31
6 6.59
content of membranes isolated froi.i equal numbers of fractionated 
cells. These values show that the protein content of rod cells 
remains relatively constant d u r i n g  the erythrocyte lifespan - an
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Fi g u r e  14 H e x ose, H e x o s a m i n e  and A c N e u  C o n t e n t  of R e d  Cell 
M e m b r a n e s
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M e m b r a n e s  f r o m  f r a c t i o n a t e d  e r y t h r o c y t e s  w e r e  a n a l y s e d  
for c a r b o h y d r a t e .  Gal and Glc w e r e  d e t e r m i n e d  b y  gas 
li q u i d  c h r o m a t o g r a p h y  by the m e t h o d  of C l a m p  a l . 
(1971). A m i n o  sugars and a l a nine w e r e  d e t e r m i n e d  on 
an a m ino a cid a n a l y s e r  and A c N e u  w a s  a s s a y e d  b y  the 
m e t h o d  of A m i n o f f  (1961), Al l  c a r b o h y d r a t e s  were 
f o u n d  to d e c r e a s e  as the cell age increased.
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o'bservabioii supported by the protein profiles obtnined by poly- 
acrylajiidc gol electrophoresis of j;icrubranes (Figs, l6a l6b). 
Consequently carbohydrate analyses of erythrocyte membranes are 
all related to alanine content,
p ^  ^  ^ tg C on toil t of liod C ell M^ombranes
Figure 14 shows the carbohydrate composition of ghosts of 
fractionated group Ü erythrocytes. It can be seen that there 
are fairly complex changes occurring in the j;iei;ibrane carbo­
hydrate as tlio cell age increases. The magnitude of the overall 
decreases in individual sugars is shown in table Ip, fhe 
Table 13 Changes in Membrane Carbohydrate of Fractionated
Ery tiirocytes
Sugar )o decrease
K"»ace by Incur am ini c acid 24
glucose 33
galactose 31
N-ace tylglucosamine 24
N_-a c o tylgalactos am i n e 37
decrease in N-aeet.ylneuraminic acid of 24y^ confjrj.is the findings 
for intact cells (3.2.3), where the decrease lias been related to 
changes in glycoproteins.
3 .4 ,4 Labe 11 in { of Galactoso/Galac tosamiuo flesidues_C)f
E rythrocyte M e b ranes 
The structures of glycopeptides, isolated from huu.an erythro­
cytes, show that tiie sugars internal to ^-acotylneuraminic acid 
in 01igosaccnaride sequences arc galactose and N-acotylgalacto- 
samine (Thomas v'c Vvinzler, 19b3; Kornfeld & Kornfeld, 1970), 
üahinberg & Hakomori (1973) have shown that a ninnber of proteins 
and lipids of the erythrocyte membrane can be labelled using
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galactose oxidase and t r i t i a t o d s o d i iim b o r o h y d r i d e , t o r o o v e r , 
pretreatujent of the cells with neuraminidase causes one particu­
lar protein coitiponent to become highly labelled. It loigirt be 
expected, therefore, that the removal of N-acetyiaeuraminic acid 
which accompanies aging, might lead to the exposure of galactose 
and galactosamine residues in old cells, which could be pre­
ferentially labelled by this technique. Figures 3 5a and 15b 
show the labelling profiles of young and old labelled fractions, 
Figure 15c sliows the sialoglycoprotein profile of control 
membranes for comparison. The profiles in figures Ipa and 15b 
are very similar, witli possibly the suggestion of an increased 
band of labelling in old cells around 4cra, however, comparison 
with figure 1 5 c shows that this does not correspond to a 
sia,loglycoprotein component. Moreover, table 14 shows the c.p.ra. 
per pg protein applied to the gels, for the peaks indicated by 
the bars in figures 15a and 15b. The protein specific activity 
shows that there is no increased incorporation of label on aging, 
suggesting that galactose/N™acetylgalactosamine residues are also 
being lost from membrane glycoprotein as the cells age. The 
Ï ah le 14 3)lstrlbution of Galactoso/Galactosamine Label between
Protein and Lipid in Young and Old Erythrocyte 
Membrane s
Cell Type c.p.m./j.ig protein applied to gels
protein lipid
Young 2085 150?
Old 2 0 6 7  1187
lipid specific activity is seen to decrease as the red cell ages
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Figure 15 Specific Labelling of Galactose/Galactosatiiine
Hesidues of Erythrocyte Membrane Glycoproteins & 
Glycolipids
A tritium label was incorporated into galactose/ 
galactosamine residues of membrane glycoproteins and 
glycolipids of young (a) and old (b) erythrocytes by 
sequential galactose oxidase oxidation/j^’^ uj- 
borohydride reduction (Galniiberg & Hakomori, 1973) 
Membranes were isolated and subjected to electro­
phoresis on 7*6^ polyacrylamide gels in the presence 
of sl)B. Gels were sliced and counted. A control 
gel (c) was stained with periodic acid/Schiff reagent 
and scanned at 560nm to reveal the sialoglycoproteins
Figure 16 Membrane Proteins of Fractionated Erythrocytes
Erythrocytes obtained from A.B, (a) and J.G.B. (b) 
were fractionated into populations of increasing 
age (1-6) and (3-6) respectively. Membranes were 
isolated and subjected to SDS-polyacrylamide gel 
electrophoresis. Gels were stained with Coomassie 
blue to reveal two new components present in the 
oldest cells (arrowed).
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Figure 17 Aijpearance’ of Proteins in In Vivo Aged Erythrocyte 
Meiiibranes
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Cells obtained from two individuals were fractionated 
into populations of different age. Membranes'were 
isolated and subjected to electrophoresis and gels 
were stained with Coomassie blue and scanned at 550nm. 
Comparing old and young cells (c with a and d with b), 
the components which appear during aging can be seen 
(arrowed), td represents the position of the tracking 
dye,
-Figure 18 Molecular Weight Determination of Erythrocyte
Metobrane Polypeptides by SDS - Polyacrylamide Gel 
Electrophoresis
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The electrophoretic mobilities of membrane proteins 
are shown as a linear function of the logarithm of 
their respective molecular weights. Molecular weights 
were taken from Steck (1974), Arrows indicate the 
mobilities of the components which appear during in 
vivo aging of the erythrocytes of two individuals 
A,B. and J,G,B, From these mobilities mol, wts, of 
6 5 , 0 0 0  and 2 5 , 0 0 0  were estimated for A,B, and 61,000 
and 2 5 , 0 0 0  for J.G.B,.
7-9
"5 .5.1 Mom b r a i:i o P r o t e i. n s c> f E rj 11 i r o c y l o b A ;"0 d 1 n Vivo
The proteins of the erythrocyte mejribx’ane mo y bo sepai-a Led by 
polyacrylojjiidc gel electrophoresis in I/o sodium dociecyl sulphate 
and stained with Coomassie bine. Figures 16a and l6b show the 
changes in protein pattern wliich occur as the rod cells of two 
individuals age in. viv o . Figures 17a--d show comparative 
densitometric scans of the young and old fractions from these 
two sets of gels. In colls of J.GoB. (blood group B ), in/o bands 
of molecular weights 25,000 and 61,000 appear (Figs. l6b, 17n & 
17c)o In cells of A.B. (blood group o), two bands of molecular 
weights 25,000 and 65,000 appear. The molecular weight valn.es 
are obtained from the electrophoretic mobilities of the bands 
relative to the mobilities of membrane components (Fig. 18), 
whose molecular weights are known (Steck, 1974). It is also 
possible that component 3 is decreased in fraction 6 of figures 
l6a and l6b.
3.5*2 P r 01eolysis of thc E r y throe y t e Me mb r a n o Su r face
The observations, made on i.n vivo aged cells, of additional 
protein components, decrease in component 3 and substantial loss 
of carbohydrate, suggested, that aging may be accompanied by 
proteolysis of the extracellular membrane surface. Therefore 
unfractionated erythrocytes were treated with proteolytic enxymes 
for different time intervals and the effect on the membrane 
proteins was investigated by electrophoresis of the isolated 
membranes. The enzymes used wore ciiymotrypsin, pronase, sub- 
tilisin and trypsin.
Table 15 shows the release of h-acotyIncuraminic acid from the 
cells by these enzymes, over the time during which proteolysis 
took place. It can be seen tiiat N-acetylneura;.iiaic acid is
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Figure 19 Effects of Proteolysis on the Sialoglycoproteins of 
Human Erythrocyte Membranes
Intact human red cells were incuhated with pro­
teolytic enzymes for different periods of time and 
the effect of proteolysis on the membrane sialo- 
glycoproteins investigated by gel electrophoresis in 
SDS. Gels were stained with periodic acid/Schiff 
reagent and scanned at 560nm. (a) control PAS
profile; (b) pronase 3min; (c), (d) subtilisin 3, 
6 0min; (e), (f) chymotrypsin 3» 60min; (g), (h) tryp­
sin 3; 20min.
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Table 13 Proteolytic R elease of Hed Go.LL
 ^ G II r a m i n i c Ac i d
Enzyme Time/min $ AcEcu re le asod
ciiymotryps in 3 11.5
chymotrypa in 20 22,1
chymotryps in 60 25.0
pronase 3 55»8
pi'onase 20 63.5
pronase 60 66.3
subtilisin 3 17.3
subtilisin 20 32.7
subtil is in 60 48.1
trypsin 3 28.8
trypsin 20 45.2
trypsin 60 47.1
progressively released from the cells, due to proteolytic 
degradation of the sialoglycoproteins. This degradation can be 
seen in figure 19 j where tlie progressive proteolysis of the PAS 
staining profile by the four enzymes is illustrated. Pronase has 
tlie most marked effect on the gel pattern (pig. 19b) , follovied by 
trypsin, subtilisin and chymotrypsin.
Figure 20 shows the effect of proteolytic enzymes on the protein 
pattern of red ceil membranes, as seen in Coomassie stained gels, 
Pronase and subtilisin cause extensive degradation of couiponerit 3, 
while with chymotrypsin, proteolysis of this component takes 
place to a lesser extent. Trypsin does not appear to affect 
component 3 ot all. Also from figure 20 it can he seen that, 
with the exception of trypsin, these enzymes progressively effect 
the appearance of a new protein component similar to that seen in
op
Figure 20 Effects of Proteolysis on the Proteins of liumaa 
Erythrocyte Hemhranes
Intact human red cells were incuhated with proteo­
lytic enzymes for 3, 20 or 60min and the effect of 
proteolysis on the major Coomassie blue staining 
components of the membrane was investigated by gel 
electrophoresis. On chymotrypsin, pronase or sub­
tilisin treatment, component 3 was progressively 
digested and a new band appeared (arrows). Trypsin 
treated membranes appeared unaffected.
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in ^[2^ X2 aged cells. From gel dens i tome trie measurements, the 
conipojionts produced by the three proteolytic enzymes had 
electrophoretic mobilities corresponding to an approximate mole­
cular weight of 61- 6 3  f 000, There is no indication of a 25?000 
molecular v/eight product, similar to that seen in j^ n v ivo aged 
cel1s .
1 0 din0 ti0n of Erythrocy te iMembra.n0 P r oteins }■]xposed at 
t h e Ex t r a c e11ular Sur f a c e 
The radio!odination of membrane proteins exposed at the 
extracellular surface of cells can be achieved specifically using 
lactoperoxidase, hydrogen peroxide and sodium |/"^"^l]-io(iide «
Lactoperoxidase is assumed not to penetrate the cell membrane and 
so labelling is confined to the outside surface. Therefore 
labelling of fractionated erythrocytes was undertaken to 
determine if the proteins, which appear on aging, are exposed at 
the extracellular surface.
An old and young.fraction of blood group B erythrocytes were 
iodinated and the membranes were isolated and subjected to 
electrophoresis. Gels stained with Coomassie blue (Fig. 2 l) 
indicate the presence of two new proteins in the old erythrocyte 
membrane. ho peaks of radioactivity were seen to correspond to 
the extra bands.
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Figure 21 Radioiodiuation of Erythrocyte Membrane Proteins 
Exposed at the Extracellular Surface 
Young and old intact erythrocytes were labelled 
externally by lactoperoxidase catalysed iodination 
with l^^^^lj-iodide, Membranes were isolated and 
subjected to gel electrophoresis. Gels were stained 
with Coomassie blue to reveal the components which 
appear on aging. Components are arrovfed in (b) old 
cells, relative to (a) young cells. Gels were then 
sliced and counted. Overlay shows labelling profile 
with no marked labelling of new components in old 
cells.
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DISCUSSION
All aging process has been invoked to explain the non-random 
removal of human erythrocytes from the circulation, brought about 
by reticuloendothelial macrophages (Berlin, 1904). A number of 
properties of the erythrocyte change progressively as the cell 
ages in vivo (Table l). It was reasoned therefore, that 
progressive changes on the red cell surface might accompany in 
V i v 0 aging, and that such cell surface changes might culminate in 
an effete rod cell being recognised and removed from the circula­
tion.
A sample of blood, withdrawn from the circulation, has been 
shown to retain residual ability for protein synthesis, due to 
reticulocytes present, and this can be used to Icibcl a cohort of 
cells of similar age (reviewed by Berlin, 1964). If the cells 
are reinjected into an animal, the fate of the label over a 
period of time can be followed, the erythrocyte lifespan can be 
computed and, as the labelled cells will ago in viv o, senescent 
cells can be identified and their properties can be determined. 
Using cohort-labelled cells, Borun at al. (1957) have shown that 
the specific gravity of human erytlirocytes increases on aging. 
Simon A Topper ( 1957) have shown that tlie osmotic fragility of 
human crybhrocytes increased on aging, although there also seemed 
to be a fragile young population. Similarly a separation metiiod 
based on countercurrent distribution gave rise to contamination 
of old cells by a young population (Walter _et tyl. , 1964). The 
effectiveness of’a centrifugal method for separating young and 
old erythrocytes has been improved by tJie use of density gradients 
of iso-osmotic albumin to enhance the small density differences 
(Bishop & Prentice, 1966; Piomelli et a l ., 1967).
Since a centrifugal separation produced uncontaminated old
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ceils, and since it gave rise to fractions of intact cells, 
density gradient iiltreicentrifugation was the method chosen to 
provide old and young erythrocytes.
The mean red cell specific gravity observed in the present 
studies w^as 1. l U U g / m l A  similar value was ob tained by Dan on & 
Marikovsky (1964), using density gradients of phthalate esters. 
These results conflict with the mean red cell specific gravity 
of 1 «080-1 cOS5g/«il obtained by Leif & Vi no grad (1964).. These 
authors have shown that the buoyant density at which a cell will 
settle during centrifugation is dependent on the tonicity of the 
solution. However, this author has found, using a number of 
different freezing-point depression osmometers, that osmometers 
calibrated with identical standards can give varying values for 
the osmolality of dense albumin solutions. However by standard­
ising the gradient solution preparation, reproducibility was 
ensured (Fig. 3c). Moreover it is likely that the absolute 
tonicity of a gradient solution is unim%}ortant, provided that, 
for a given series of experiments, the conditions are standard­
ised, since Leif & Vinograd (1964) have shown that the entire 
distribution shifts with a change in tonicity.
Labelling studies Jiave established that a fractionation of 
human erythrocytes on the basis of density gives rise to popula­
tions of cells of different age. Piomelli e^ b ^ . (1968) showed 
that the activity of glucose-6-phosphate dehydrogenase in human 
erythrocytes was dependent on the age of the cell and so this 
criterion was used to confirm that the separation obtained in 
these studies did in fact give rise to cells of different age 
(Table 3) , Tliis conclusion was supported by other observations. 
The densest fraction of cells was most fragile, consistent with
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the observation of Simon 6 Topper ( 1957) that old. cells are iiiore 
■fragile than yomig. Moreover, the observation that there are more 
cells per unit volume in the densest fraction agrees with the 
findings of Leif & Vinograd (1964), who observed a decreased cell 
VOlumo for o1der erythr ocyte a ,
The preparation of a sample of essentially pure erythrocytes 
entailed the loss of some of the total haemoglobin of a
whole blood sample. Minor reticulocyte and white cell contomiina- 
tion was limited to the youngest fraction of erythrocytes. There­
fore tlie absolute value of a.ny parameter, measured for the 
youngest fraction, is subject to error in that this fiuiction 
cannot be said to consist of homogeneous young mature erythro­
cytes. The other five fractions were homogene.ous.
The quantitation of any changes which take place during 
erythrocyte aging in y iyo , requires reference to some parameter 
which remains constant with age. Leif and Vinograd (1964) found 
that the haemoglobin content of hnman erythrocytes remains con­
stant during red cell aging. ' This was confirmed (3.1.3).
Two observations in the literature suggested that old 
erybhr ocytos would contain less a c e t y 1 n e ur am in i c acid tjian
young cells. Dan on ejb aj^ , ( 1971 ) had shown that old erythrocytes 
had a reduced surface charge compared to young cells and Eylar jet 
al. (1 9 6 2 ) had showm thab jaembrane bouiid sialic acids were largely 
responsible for the cell surface charge, Such a decrease has 
been quantitated (3.2.3; 3.4.3) and shown to be of the order of 
2Ü/0 for tiie erytiirocybes of two individuals. Membrane s , isolated 
from the fracbionated cells of one of these donors, exhibit a 
similar decrease of 24/i. Walter ejt ad. (1965), using a counter- 
current distribution method of cell separation, were unable to
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dejuonstrate an age rolatod decroo.se in sialic acid. These 
authors, however, did not use a comparable method for the pre­
paration of ghosts, nor did they purify the sialic acid from 
lipid conta.minants e Grcenwalt A Steane (1973a) centrifuged a 
column of red cells without resort to a gradient and showed a 9k 
decrease in red cell N--acetylneuranrinic acid. However, this 
technique of separating cells probably only loads to a relative 
enrichment of the top and bottom fractions with young and old 
cells respectively. Moreover their oldest fraction consisted of 
about 14k of the total cells compared to about 9/^  in the studies 
presented here. Halduini ^  a^l. ( 1974) prepared cell fractions 
of different ages by differential lysis to yield three equally 
sized fractions. Although this does not correspond to very 
young or very old fractions, these authors found that, after 
pronase digestion to remove sialoglycopeptides, the decrease in 
N-acetylneuraminic acid was in glycopeptides from old
cells 0
As described previously, separation of cells by ultra- 
centrifugation on a density gradient is probably tlie most 
reliable method presently available for obtaining erythrocytes 
of different in_ vivo age. Therefore the data on tiie age related 
loss of N-acetylneuramiriic acid, measured after release from 
intact cells by neuraminidase or acid hydrolysis, and confirmed 
by analysis of isolated membranes and on the intact cells of 
anotiier individual, provides good quantitative evidence that red 
cell aging is accompanied by a decrease of 2 0 - 2 in cell surface 
N-acety 1neuraminic acid. This estimate may be somewhat low 
because of tJie loss of so;:ie very young erythrocytes, while 
removing otlier contaminating cell types.
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Eylar et a l , ( 1962) suggested that the sialic acid oJ:‘, human 
erythrocytes is m o s t l y ,  if not exclusively, E - a c e t y l n e u i a m i n i c  
acid, although they did not test for labile U-acetyl groups, 
shown by Scliauer (1973) to be present in sowo sialic a c i d s .
Th.ey also suggested that all of tlio K-acety Incur ami n.ic acid is 
on the extracellular surface, since it can. be removed by 
neuraminidase, and that it is exclusively bound to glycoprotein. 
However, V/iierret & Brov/n (1969) report the presence of human red 
cell gangliosides containing approxiiuately yjo of the total N- 
acetylueuraminic acid. Despite this, it is obvious that a 
reduction of 2 0 -2 5 ^ in N-acetylneuraminic acid is greater than 
could be accounted for simply by loss of lipid bound sialic 
acids 0 Those changes accompanying aging are therefore related 
to membrane glycoproteins,
The major Schiff staining glycoprotein components of the 
erythrocyte membrane (Figs. Ic & id) are also sialoglycoprotcins 
as they can be labelled by the sialic acid specific labelling 
method of Blujaenfeld et al. ( 1972) as is shown in figure 7»
Sialic acid labelling of young and old red cells showed a 
difference of 3?k ^n specific incorporation, again supporting 
the finding that this sugar is lost from the cell surface on 
aging. The difference in the values of 20-23^ reduction in E- 
acetylneuraminic acid compared with 57k reduction in incorpora­
tion of tritium label, possibly indicates that some of the 
remaining 75-80^ of the molecules of N-acetylnouraminic acid in 
old cells are not so reactive in the chemical labelling procedure 
Bliuienfeld et îuU  ( 19 72) noted that the labelling of sialic acid 
residues was enhanced in ghosts, suggestin.g that the transition 
from intact cells to gliosts exposed some previously unreactive 
residues.
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There are three major sialoglycoproteins in the human red 
cell me mb rane and, as discussed in lo'd.i and 1.2.4, FAS 1 and 
PAS 2 may constitute different forms of the samo molecule, 
lie cent studies (hue H e r  & Morrison, 1974; Slutzky & Ji, 1974) 
have suggested tliat the components, behaving on acrylamide gels 
as PAS 1 and PAS 2, may possess different reactivity, possibly 
due to different conformations within tiie meiiibrane. Therefore 
if PAS 1, PAS 2 and PAS 3 can be considered as separate entities, 
it was of interest to determine whether E-acetylnearaminic acid 
was lost specifically from any of these three components. It 
was shown in table 8, that there appears to be a general loss 
from all three components.
The simple removal of sialic acid from a .glycoprotein would 
require the action of a neuraminidase. Warren & Spearing (I960) 
report the presence of a neurarihinidase in a bovine plasma 
fraction. The enzyme was present at very low levels, however, 
it can be calculated that to release 20^ of the red cell N- 
cicety^lneuraminic acid in 120 days requires only 0.001 units of 
enzyme,
Jancik & Schauer ( 1974.) have demonstrated that 6 0 y of 
ly^6r] -labelled rabbit erythrocytes, fro/;i which 65/G of the coll 
surface sialic acids have been rejucved, are lost from the cir­
culation within 24h. This implies that sialic acids arc 
necessary for normal crytarocyto circulatory survival. These 
authors did not study the effects of removing loss sialic acid 
and so the circulatory survival characteristics of erytnrocy^tes 
from which 2U-2p^ sialic acid has been removed are not known.
Lectins iiave been widely used in the detection of cell 
surface differences between nor.na 1 and transforiaed cells.
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Therefore, the interaction of o.gglutinins witli the cell surfaces 
of old and young erythrocytes was compared. Old cells displayed 
an increased susceptibility to agglutination with the tliree 
agglutinins used. Greenwalt & Steane (1973b) have obtained 
siiiiilar results i,.. - og other agglutinins. Binding studies using 
[ -wheat-geri ■ gg lut in in showed that the increase in
agglutinability was not due to an increase in the numbers of 
exposed lectin binding sites on old ceils. The sialoglycoprotein 
and a number of tryptic sialoglycopeptides of the erythrocyte 
have been shown to inhibit the agglutination of red cells by 
wheat-germ agglutinin (Jackson ejt , 1973) « This suggests that 
the red cell sialoglycoproteins possess receptors for wheat-gerni 
agglutinin binding. The binding specificity o.f this loctin is 
generally accepted to be for N-acetylglucosamine (Kajata &
Burger, 1972). However Greenaway & Le Vine (1973) presented 
evidence that wheat-germ agglutinin also binds N-acetylneuraminic 
acid. This has been confirmed in the present studies (Table 9), 
where the treatment of red cells with neuraminidase has been 
shown to reduce the number of wheat-germ agglutinin binding 
8 ites.
The interaction of wheat-germ agglutinin with old erythro­
cytes could be mimicked by treating an unfractionatcd population 
of red cells with neuraminidase or trypsin, J3oth of these 
treatments produced a reduction in the numbers of wheat-germ 
agglutinin binding sites, but an Increase in aggiutinab1lity 
(Table 10), implying that agglutination is not simply dependent 
on numbers of binding sites. Since enzyme treatment also 
released sialic acids whicli are responsible for the red cell 
surface cJ-iargo, agglutinabi lity of the cells may be dej^endent on
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intercellular electrostatic re^mlsiou. However, Luner et al.
(1 9 7 5 ) have si)own tlyat agglutination can take place with protease 
treated cells at a higher zota-potential than that at which no 
agglutination takes place with neuraminidase treated cells. This 
implies that there is also a steric consideration in agglutina­
tion .
One other possibility was considered. It was pointed out in 
sections 1.2,2.2 and 1,2,2,3 that lectin binding sites and 
intramembranous particles are randomly distributed and possibly 
under the control of the spectrin complex. Since some workers 
claimed that the increased, susceptibility to agglutination of 
transformed cells was due to a different topographical distribu­
tion of receptors on tlie cell surface, compared to that of 
normal cells (reviewed by Lis & Sharon, 1973), it was thought to 
be possible that such a redistribution might be responsible, in 
in vivo aged cells, for increased agglutinability. This pre­
supposes that some change had taken place in the spectrin complex. 
Therefore, in old cells, decreasing the electrostatic repulsion 
between sialoglycoproteins, by loss of sialic acid, in conjunction 
with less control over tlieir distribution by a less efficient 
spectrin complex might lead to a redistribution of these recep­
tors, such that the agglutinability of did cells would be in­
creased, A similar mechanism has been used to explain such 
findings in ghosts (Elgsaeter & Branton, 1974), However, 
examination of the freezc-fracture electron i.iicrographs of old 
and young erythrocytes suggests that tJiere is no marked re­
distribution.
It has already been pointed out that ^  vivo aged erythro­
cytes can pack closer together tlsan young cells, and the
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agglutination model studies show that old cells, through the 
action of an independent factor, can be brought together wore 
readily. This might imply that the iri vivo removal of senescent 
erythrocytes can he facilitated by their surface charge having 
been reduced, such that they can interact more readily with 
phagocytic cells of the reticuloendothelial system, either 
directly or after opsonisation. Some evidence for the latter 
type of meciiaiiism comes from the work of Lee ( 1968) , who showed 
that heterologous erythrocytes were more rapidly ingested by 
mouse peritoneal macrophages after neuraminidase treatment of 
the red cells.
The observation of More 11 ejt al, (19?l) that desialylated 
plasma glycoproteins are removed from the circulation by virtue 
of the exposure of an underlying galactose residue, suggested a 
possible role for sialic acid. Winterburn ik Phelps (1972) 
postulated that the oligosaccharides attached to' glycoproteins 
contain a code for the destruction of the glycoprotein, but that 
it is neutralised by the terminal sialic acid residues, Jancik 
& Schauer (1974) however, claim that, in contrast to the findings 
for plasma glycoproteins, the sequestration of desialylated 
rabbit cells cannot be prevented by modification of underlying 
galactose residues.
It is well established that sialic acid can be removed from 
the red cell surface, as part of a glycopeptide, by the action of 
proteases (V/inzler, 1969) . . Therefore, tiie loss of cell surface 
acety 1 ncuraminic acid frcia in yiyjiq aged cells could have 
resulted from proteolytic digestion. This would be accompanied 
by the loss of other sugars. The analysis of s ome otlier ma j or 
sugars of the erytlirocyte membrane required the preparation of
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ghosts f r o m  fractionated cells. Table 12 sliows that the mem­
brane alanine/haeinoglohin ratio is constant for fractions 2-6 
suggesting that the membrane protein remains fairly constant 
during aging. The loss of material in fraction 1 is probably 
associated with removal of the button. Since membrane alanine 
remains constant with age, carbohydrate analyses could be 
related to membrane alanine, for the different age fractions.
Carbohydrate analyses of ghosts showed that in vivo aging 
of erythrocytes is accompanied by fairly complex changes in the 
membrane bound sugars (Table 13)* The value for N-acetyl- 
neuraminic acid confirms previous measurements made on intact 
cells. The decrease in glucose suggests glycolipid losses, 
since glucose is not normally a glycoprotein ponstituent. More­
over part of the decreases in N-acetylgalactosaiuine, galactose 
and glucose vfill be attributable to the loss of globoside and 
its analogues, shown by Sweeley & Dawson (I9 6 9 ) to accompany red 
cell aging.
To attempt to re late some of these carbohydrate changes to 
glycoproteins, it was reasoned that if N-acetylneuraminic acid 
alone was reiaoved from the sialoglycoproteins of the old erythro­
cyte membrane, galactose residues would become exposed. 
Structures of the 0 ligosaccarides of erythrocyte sialoglyco­
proteins have shown terminal N-acetylneiirajuinic acid linked to 
galactose (Winzler, 1969; Kornfeld & Kornfeld, 1970). Moreover 
Gahiiiberg ik llakoiiiori (l973) showed that removal of K-acetyl- 
neuraminic acid from erythrocytes led to an increased incorpora­
tion of tritium label, after reaction with galactose oxidase and 
tritiated sodium borohydride, into a specific component. how­
ever, such a labelling experiment, compa ring old and young cells
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indicated no increase in galactose labelling of a similar com­
ponent, or of any other sialoglycoprotein component (Fig. 15 ^ 
Table 14). This implies that galactose, as well as N-acotyl- 
neuraminic acid is lost from the sialoglycoproteins on aging.
This finding has recently received support from the observation 
of Lotan (personal communication), that old red colls possess 
fewer binding sites for the lectin soya-bean agglutinin, with a 
specificity for galactose, than young cells.
Recently, ilalduini ejt al. ( 1974) have isolated glycopeptides 
from old and young erythrocytes and have analysed tlie carbohydrate 
content of a major glycopeptide« They report that sialic acid 
and E-acetylgalactosamine are reduced by equimola.r amounts. They 
interpret this observation to mean that a disaccharide, consist­
ing of E-acetylneuraminic acid and N-acetylgalactoaaiiiine, is lost 
from the red cell on aging.
Table 14 shows that the incorporation of tritium label into 
the lipid fraction of old erythrocyte membranes is decreased by 
20^. Previously it was shown ('3 «2,4) tJiat there is little 
difference in the non-specific labelling of the lipids of old and 
young red cells, suggesting that erythrocyte aging does not 
appear to be accompanied by any major membrane lipid peroxida­
tion, despite tlie fact that for 120 days this cell is constantly 
exposed to oxygen. Therefore, the decreased incorporation of 
label accompanying galactose oxidase/tritiated borohydride treat­
ment, is probably associated specifically with glycolipids and is 
consistent with the observation of Sweeley t. bavj^son (1969) that 
galactose and ga1actosamine containing glycolipids are lost as 
the red cell ages.
The evidence presented so far indicates that specific carbo­
hydrate losses fro,a membrane glycoproteins accompany red cell
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aging in v i v o . The data docs not, however, distinguish between 
sequential glycosidase action or proteolytic removal of glyco- 
peptides.
Goi electrophoresis of the .membranes of old cells obtained 
from two individuals, showed the presence of two components not 
observed in younger cells (I'igc 17)« For one individual (AJi,, 
blood group O), the components were of molecular weight 65,000 
and 2 5 ,0 0 0 , while for the other donor (dcG.B,, blood group B ) , 
the components were of molecular weight 6l,000 and 2 5 , 0 0 0  
(Fig. 18),
Since figures l6 a and l6b indicated tlie possible degradation 
of component 3 in old cells, and since the evidence presented so 
far is consistent with aging being accompanied by cell surface 
proteolysis, the effect, of proteolytic enzymes on intact red 
cells was studied. Proteolysis of intact red cells by chymo­
trypsin, pronase and subtilisin resulted in the appearance of a 
polypeptide of molecular weight 61-63,000 (Fig. 20), similar to 
that present in aged red cells. No lower molecular weight com­
ponents were detected. These three enzymes also digested the 
sialoglycoproteins (Table 15 cc Fig, 19). However only one 
degradation product was evident, although several membrane com­
ponents were being degraded. The behaviour of trypsin presents 
a similar anomaly in that, although the sialoglycoproteins were 
digested (Figs,.- 19g Ci 1 9 h) , no new low molecular weight component 
was detected. Moreover, trypsin appeared unreactive tovmrds com­
ponent 3 (Fig, 2 0 ), These findings are consistent with observa­
tions of Hubbard & Cohn (1972), Triplett & Carraway (1972) and 
Cabantihik & Kothstein (1974b), on the effects of proteases on 
the red cell. The most likely explanation of these observations
100
is that the 61-63,000 molecular weight component is derived from 
proteo 1 y si8 of componeut 3 , Proteo 1 y sis of tJic siciloglyco — 
proteins ninst leave behind a refiidue too small to he detected on 
5.6/0 polyacrylamide gels. From the analytical data oi Segrest e^ c 
al / (1973), tiie hydrophobic core and the car boxy terminal 
portion of the sialoglycoprotein, which would not be susceptible 
to proteolytic attack in intact cells, accounts for about 75 
residues - a peptide of approximate molecular weight 9,000.
iXadlubowski & Harris (1974) reported the presence, in old 
erythrocytes, of a protein which possibly corresponds to the high 
molecular weight component described above. Since these authors 
could not detect any apparent degradation of major membrane 
proteins, they suggested that the new component was adsorbed to 
the red cell membrane from the cytoplasm. There is no obvious 
labelling experiment which could distinguish an adsorbed protein 
at the cytoplasmic surface from a membrane protein which is 
exposed at the cytoplasmic surface. However, an alternative 
explanation for the new high molecular weight component might be 
that it was adsorbed from the plasma on to the extracellular 
membrane surface of old cells, since it has been shown that this 
surface is modified during in vivo aging. Lactoperoxidase 
catalysed radioiodiuation of intact red cells did not lead to 
labelling of the new components (Fig. 2i). They are unlikely, 
therefore, to be adsorbed plasma proteins, although it is 
possible that they may be such proteins and possess no reactive 
tyrosine residues. A more attractive hypothesis, supported by 
tlie work witli pro teas es, is that the high molecular weight com­
ponent is a degradation product of an integral membrane glyco­
protein, and has been digested such that no reactive tyrosine
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residues are available to bo labelled. Since labelling studies 
with radioactive iodine have shown that the sialoglycoproteins 
and component 9 can be iodinated, the observation that the com­
ponents, resulting from in v ivo aging, cannot be iodinated at the 
extracellular surface, suggests that proteolytic degradation has 
taken place, ratlicr than sequential glycosidase action, since the 
latter should not affect markedly the availability of tyrosine 
residues.
There are a number of specialised proteolytic activities 
associated with plasma. These are mostly related to tlie clot 
formation mechanism, Movat c_t a l . (1968) have shown that the 
protense activity of rabbit serum has an acidic pH optimum, and 
Bishop (1971b) points out that protease inhibitors are present in 
plasma. However, the time spent by the red cell in the plasma 
makes it likely that the clianges observed during jni vivo aging 
could be carried out by low levels of plasma protease activity.
Whether proteolysis is a further example of a deteriorative 
change for v/hich the erythrocyte cannot compensate (compare l.l), 
or Yfhotner it is a specific code for destruction, either by loss 
of a determinant necessary for survival, or exposure of some 
cryptic determinant leading to recognition and removal, is a 
matter for speculation. Maruta & Mizuno (1971) found that mouse 
red cells, treated with trypsin, while not inmiunogcnic in mice, 
were nevertheless piiagocytised by isologous macropliages.
Although these authors did not test their systei.i in the presence 
of serum, the results seem to suggest tiiat pliagocytosis of an 
effete red cell is not Lie dialed by iiumunoglobulin antibodies. 
They found t h a e t a b o  1 ica 1 ly depleted cells behaved similarly to 
trypsin treated cells in their system. Jancik opt p_l. (1975), in
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a study of the sequestration of desialylated erythrocytes, have 
showm, both ÿn vitro and jni vivo , that those cells will attach to 
liver and spleen and that this attachment is enhanced in the 
presence of serum. In contrast Leo (1968) showed that mouse 
peritoneal macrophages vfould neither attach to nor ingest ' 
desialylated isologons red cells. This experiment was performed 
with serum present. Phagocytosis of heterologous red cells did 
take place and was enhanced by desialylation. While there is 
some conflict between the results of Lee (1968) and Jancik e_t a l . 
(1 9 7 5 ), if they are compared with the findings of Maruta and 
Mizuno (1 9 7 1 ) 3 they suggest that desialylated and protease- 
treated erythrocytes require a different mechanism of macrophage 
recognition and uptake. Desialylated erythrocytes may not be 
good models of vivo aged erythrocytes.
Rifkind (1966) has reviewed the mechanism by vdiich the 
reticuloendothelial system destroys damaged red blood cells.
Three factors are involved. Firstly injury to the red cell is 
required, and evidence has been presented that this occurs during 
in v ivo aging. The second step is sequestration, that is> 
removal of the damaged cell by the organs of the reticuloendo­
thelial system, namely the liver, spleen and bone marrow.
Finally there is degradation, consisting of phagocytosis by and 
digestion within the reticuloendothelial macrophages, Tliis has 
been briefly discussed in the proceeding paragraph.
The possible relevance of the data presented in tliis thesis 
to the sequestration me chanism will now be discussed. The liver 
and spleen are generally accepted to be the main sites of red 
blood cell destruction, Rifkind (I9 6 6 ) reviews the evidence that 
tiio liver is principally involved in the clearance of cells which
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have suffered major damage, whereas the spleen seems sensitive to 
more subtle injuries. It might ho anticipa bed, therefore, that 
if red cell aging does not lead to antibody recognition and com­
plement fixation, the site of sequestration of old rod cells 
would be the spleen. The splenic blood flow can be resolved into 
two components, Y/i).ere a cell is obliged to negotiate the slower 
splenic cordai pathway, it is exposed to reticuloendothelial 
cells lining its narrow vascular channels. Any factor whicli will 
prolong the erythrocyte's stay in this environment, such as a 
loss of repulsive surface charge, will increase its chances of 
being piiagocytised.
In conclusion, the differences in membrane carbohydrate, in 
membrane protein components and in reactivity towards agglutinins, 
which are exhibited by i_n vivo aged human erytiirocytes, relative 
to their younger counterparts, are consistent with and can in 
part be mimicked by proteolytic digestion of the red cell surface. 
This dégrada live change may be a primary factor in the recogni­
tion of effete cells and in their removal from the circulation by 
reticuloendothelial macrophages,
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